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Frontispiece: View westwards along Bolstadfjord from the 
mouth of the River Vosso (seen as a marked 
surface outflow at left, centre of the 
photograph). 	The waters just visible 
beyond the precipitous cliff at the fjord's 
southern side lie within the inner basin of 
Bolstadfjord. This basin has a maximum 
depth of 80rn and its waters are anoxic 
below 55m. 
ABSTRACT 
The fjords studied comprise part of a larger system of marine 
basins, each having a relatively shallow threshold at its mouth. 
A more or less normal estuarine circulation exists in the near-
surface waters of all the fjords, but their deep water characteristics 
differ considerably. In Osterfjord the boundary between oxic and 
anoxic conditions OOCU8 within the sediment; in Mofjord, IIolviks-
fjord and the middle basin of Bolstadfjord, it coincides with the 
sediment-water interface; within the inner basin of Bolstadfjord, 
it occurs in the. water column some 30m above the sediment surface . 
There is a build-up of dissolved phosphate-?, silicate-Si and. titration 
alkalinity far in excess of their normal sea water concentrations 
within the anóxià waters of the inner basin of Bolstadfjordo This, 
together with an invariable decrease in dissolved oxygen content 
With depth in all the fjords, is due to decomposition of organic 
matter and a restricted circulation in the fjords' deeper waters. 
The distribution of suspended particulate matter in the: fjords 
is related to circulation, in situ biological productivity and physico-
chemical processes. Surface waters (above the pycnocline) generally 
have higher detrital particulate matter contents than do intermediate 
waters. A maximum of detrital particulate matter often coincides 
with the pycnoöline largely because the latter acts as a barrier to 
settling. In Osterfjord. a high concentration of particulate. matter 
in the bottom waters is due to resuspension of underlying sediment, 
whereas in the more restricted bottom waters of the other fjords there 
is no reeuspensiona The highest concentrations of in situ produced 
biogenic matter occur in the surface waters but do not alwaya. coincide 
with the pycnocline. Over half the particulate matter always com- 
prises biogenous material. The major inorganic constituents are well-
crystallised 10 micaceous material and to a varying degree quartz and 
solid phases of Fe and Mn. While particulate K, Mg, Al and Ti are 
predominantly associated with detrital silicates, particulate Si and 
Ca are additionally held in diatoms and skeletal carbonate 
respectively. Particulate P and S probably exist, at least in the 
surface waters, largely as biogenic matter. Compared to the 
underlying sediments, the suspended particulate matter is enriched 
in micaceous bnd biogenous material relative to quartz and feldspar. 
The distributions of Mn and Fe are related to the position 
of the 02—H23 boundary irrespective of where it occurs relative to 
the sediment—water interface. They have been interpreted using 
models based on vertical diffusion—advection processes and redox - 
reactions. Fe is incorporated into all the anoxic sediments as 
suiphide, while Mn is present in those occurring within the two 
outer basins of Bolstadfjord as a Mn(iI) carbonate. Mn and probably 
Fe occur within the upper 1cm of sediment (ozic) from the deeper 
parts of Osterfjord as oxides—hydroxides. 
In addition to the presence of Fe, Mn and S in authigenic 
phases and elements mainly associated with the lithogenous fraction 
of thesediments, Si occurs as diatoms; Ca, CO2 and Sr as calcareous 
skeletal material, largely bivalves; and P as organic matter. The 
only elements, of 22 determined, whose contents consistently differ 
between oxic and anoxic sediments are organic C, S and Mo; all are 
enriched in the anoxic sediments. There are marked surface enrich-
ments of Zn, Pb and sometimes Cu in all (anoxic and oxic) but one 
sediment core (19 examined). Two alternative explanations are given 
for this feature: they are a natural recycling process, which 
involves the release of bound metals during organic matter decom-
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C H A P T E R 1 
INTRODUCTION 
The geochemical study of strongly reducing (anoxic). sediments 
initially aroused considerable interest because of its relevance to 
an understanding of the origin of metal-rich black shales and 
petroleum. However, there has been an increasing trend for this 
kind of research to be aimed not at elucidating the connection 
between anoxic sediments and their ultimate 'geological' equivalents 
but instead at understanding geochemical processes in recent sediments. 
In particular this has led to a greater knowledge of both early 
diagenesis within sediments (in the top im of the sediment column) 
and reactions occurring to inorganic and organic detritus prior to 
deposition (halmyrolysis). The main marine basins in which this 
type of study has been carried out are the Black Sea and the fjords 
of British Columbia and Norway. In many ways, fjords are ideal for 
the purpose, especially since diagenesis under anoxic and oxic con-
ditions can be compared 1 while other variables are kept constant. 
For example, fjords are easily accessible, their' circulation is 
relatively simple, and it is possible to find a fjord containing arioxic 
sediments and another containing oxic sediments being fed from one 
source area. Unnatural eutrophication has induced anoxic conditions 
both within the dediments and overlying waters of many fjords (e.g. 
Alberni Inlet, see Tully, 1949; Osterfjord, see Ruud, 1968) and has 
therefore produced an even greater need to comprehend the consequences 
2 . 
of diagenetic changes wider such conditions. 
One of the most important aspects of research into oxic-
anozic systems is that concerning the distribution of transition 
metals, in particular manganese and iron. Transformations involving 
these two metals occur in response to the oxidising or reducing 
potential of an environment and hence are related to the relative po-
sition of the 02—H2S boundazy. Previous woit on this subject (e.g. 
Biechoff and Ku, 1971; Spencer and Brewer, 1971; Calvert and Price, 
1972; Spencer et al., 1972) has been limited to examining the dis-
tribution of the two metals either in the water column or underlying 
sediments, and sometimes to their occurrence only as particulate or 
dissolved matter. However, the exchange of manganese and iron between 
the water column and underlying sediments (by gravity settling, , 
diffusion or advection) is of the greatest importance in understanding 
their distribution. One of the prime objectias of the thesis there-
fore is to attempt a far more integrated approach to this problem. 
That is, to stuciy the distributions of dissolved and particulate iron 
and manganese in both the sediments and overlying waters under a range 
of redox conditions. The area of study was consequently selected as 
it contains fjords, according to the data of Gaarder (1916) and 
Strm (1936)., in which the 02—H2S boundary occurs within the sediment, 
at the sediment—water interface and within the water column. 
General circulatory processes in fjords are fairly well—known 
and the transport of detritus in estuaries and to a lesser extent in 
fjords has been examined by several researchers. - However, little 
information exists on the chemical composition of suspended particulate 
3 . 
matter and even less about chemical transformat& one which it may 
undergo. This aspect of fjord study is no less important than that 
already discussed, especially since there has recently been increasing 
concern about the dispersal of pollutants (haavy metals and other 
industrial pollutants as well as domestic sewage) in near-shore waters. 
For these reasons, the other main aims of the thesis are firstly, to 
elucidate the relationship between the distribution of suspended 
particulate matter and the hydrography and hydrochemistry of the 
fjords, secondly to determine the nature of the suspended particulate 
matter including a detailed knowledge of its chemical composition, 
and thirdly to understand the relationship between its distribution 
and 	posiiontand those of the underlying sediments. 
One of the main practical problems faced in a study of a present-
day sedimentary environment is its surprising complexity. To under-
stand any one aspect completely it is neceasary to have as broad 
a knowledge as possible of the whole system. The best illustration 
of this is the important probable role that biological agents play in 
many diagenetic reactions including manganese and iron redox reactions. 
This has led to an increasingly broader ('interdisciplinary') approach 
in research of this kind, as demonstrated by the work of Presley and 
co-workers in Saanich Inlet (Brown et al., 1972; Nissenbaum et al., 
1972; Presley et al., 1972), and is the reason why the scope. of this 
thesis was kept as wide as possible while still concentrating on its 
main objectives. The sampling necessary for this work was carried 
out during three cruises of the "Hans Reusch", which belongs to the 
Geological Institute of the University of Bergen (14-18 October 1970; 
4.. 
15-18 August 1971; 1-3 August 1972). All chemical analyses were 
carried out either at the time of sampling or later, at the Grant 
Institute of Geology, Edinburgh. The ogen analyses in 1972 are 
an exception in that they were completed at the Geophysical Institute, 
Bergen. 
5 .  
- 	 CHAPTER 2 
IIRODUCTION TO THE AREA OF STUDY 
2.1 General 
The fjords under study are situated between 30 and 55 km to the 
north7east of Bergen on the west coast of Norway (Fig. 2.1). The 
fjord system to which they belong is connected at its southern end to 
the Norwegian Sea. Ground elevation generally increases north.-
eastwards from Bergen reaching -.'lOOOin in the Nofjord area (Fig. 2.2). 
Average annual precipitation on the west coast of Norway although 
high shows considerable local variation. For instance, the yearly 
precipitation in the catchment areas of I4ofjord and the outer Bergen 
district is 350cm and 150cm respectively (Strrn, 1936). 
For the purposes of this study, Mofjord and Osterfjord are sub-
divided as shown in Figure 2.2 on the basis of their hydrography and 
bottom sediment, geochemistry. Inner Mofjord remains unchanged but 
the outer basin of Mofjord refers only to that part of the fjord bet-
ween the inner shallow sill (Mostrauinen) and the outer, deeper si3l 
at Fleo. The remainder of Mofjord proper, Romarheimsfjordiand 
Osterfjord are collectively referred to as Osterfjord.. 
2.2 Geology and Sediment Supply tO the Fjords 
The geology of part of the area covered by Fig. 2.3 has been 
described by Ko].derup and Kolderup (1940) in the publication 'Geology 
of the Bergen Are System'. This System comprises:- 
a) The Arcs proper: Cambro—Silurian schists with some Old 
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Red and Caledonian igneous rocks. Some of the lesser 
metamorphosed sedimentary rocks are fossiliferous. 
The Igneous Rocks of the Anorthosite Kindred. 
Uneissea of different kinds (mignatites) found 
in association with granites and gabbros, which are 
of a variety of ages including Pre-Caznbrâan. 
The bedrock at the northern end of Osterfjord mainly comprises 
rocks of group c (Fig. 2.3)9 and preliminary mapping suggests that 
these rocks extend into the area around Mofjord (Kildal, pers. comm.). 
However, the small isolated Quaternary deposits (after Kolderup and 
Kolderup, op. cit.; Fig. 2.3) probably supply a disproportionately 
large amount of the detritus entering the fords as they constitute 
much of the easily eroded material in the area. Transport distances 
of material forming glacial deposits in Norway are often short (Lag, 
1960). Therefore, it is possible that the composition of the bedrock 
reflects that of the superficial deposits, which in turn will have 
a very strong influence on the composition of the fjord sediments. 
Soil cover in this part of Norway is poor but organic-rich (Lag, 1960). 
2.3 Geomorphology and Bath.yUietrr of the Fjords 
Bathymetric information was largely obtained from published data. 
However, some spot soundings and single profiles along I1ofjord and 
Bolstadfjord were made with a SIMRAD echo-sounder. 
Osterfjord is -"35 km long and varies in width from under 1 km 
to 3 km (Fig. 2.2). Deep sills divide it into three basins, the 
deepest one (645m) lies at the southern end of the fjord. The fjord 
shallows northwards. The local ground elevation increases northwards 
Q 
7 . 
accompanied by a gradual steepening of the fjord walls. 
Ilolvikafjord, situated to the west of the island of Paddiy, is 
separated from Osterfjord by eille, 14m and 17in, at its southern and 
northern ends respectively, and has a maximum depth of ' 235m. 
The sill at Fleo separating Oaterfjord from the outer basin of 
flofjord is ev15m deep (Strin, 1936), while the outer basin itself has 
a maximum depth of -'78m. The inner sill, 11ostraumen, is 700m long 
and is reputed to have been deepened around 1916 from 2m to its 
present depth of s'3.5xn (Strm, op. cit.). 	Inner flofjord is 8 km 
long and has a relatively constant width ('-700m). The northward 
trends observed in Osterfjord continue into tlofjord so that the walls 
are even more precipitous, rising almost vertically to —500m  in 
places. The maximum depth recorded by echo—sounder in the inner 
basin is 210m, agreeing with local navigational charts (Dti Norsko 
Kyst, Sheet 119). Fig. 2.4 shows the depth profile taken along the 
middle of I1ofjord and the northern end of Osterfjord. The sill 
(60m) shown in the profile within the inner basin of 1iofjord and 
adjacent to the mouth of the River Beitleelv does not represent the 
true nature of the sill because it slopes down to 125m at the fjord's 
eastern side. 
Bolstadfjord is entered via a 5 km long sill which has a mm-
irnum recorded depth of lm (Strm, 1936) although it subsequnntly 
appears to have been deepened to "2m. Bolstad.fjord is 13 km long, 
"-600m wide and is divided into three basins by two aills. The depth 
profile along the middle of the fjord (Fig. 25) showa the two sills 
to be 50m (outer) and 25m (inner) compared, respectively, to maxiurwn 
• depth in metres 
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depths of '-120m and "52m recorded by Stz'm (1936). Therefore, these 
sills must also vary in depth acrods the fjord. The deepest point 
of the fjord OCCUrS in the outer basin (141m), while the maximum 
depths in the middle and inner basins are "l 30m and "80m respectively.. 
Osterfjord, Molviksfjord, ?4ofjord and Bolstadfjord, all fit the 
definition of a fjord formulated by Pritchard (1952) as an elongated 
indentation of the coast line containing a relatively deep. basin with 
a shallower sill or threshold at its entrance. Their present form 
is thought to be due to Pleistocene ice action (Holtedahl, 1960). 
The geology of the Bergen area controls to some extent the pattern 
of the fjord system although this is not.particularly evident locally. 
For instance, Qèterfjord actually cuts across the structural grain of 
the country, probably due to the existence and accentuation of a pre-
Pleistocene estuary or river valley. The fjords are eroded through 
physically resistant rooks which explains their narrow and steep-
sided nature. It was noted above that the morphology of the main 
sills (Mostraumen and that at the entrance to Bolutadfjord) is 
different from that of the 'internal' sills in Mofjord and Boletad-
fjord. Not onlyare the former much shallower but they also coincide 
with a particularly narrow section of the fjords. According to 
Strm (1936), these two sills represent terminal moraines deposited 
by receding glaciers. On the other hand, the 'internal' aills do not 
coincide with a narrowing of the fjords, nor do they usually extend 
across the full width of the fjords. Significantly, they are located 
immediately adjacent to where the larger rivers enter the fjords 
suggesting that they have been built up from deltas in post-glacial 
timed. 
C H A P T E R 3 
HYDROGR1PHY 
3.1 Introduction 
Various hydrographic and hydrochemical measurements were made 
at the stations shown in Fig. 3.1. A complete set of tabulated data 
is included in Appendix D, and analytical methods in Appendices B and C. 
The hydrography of the coastal waters is of some interest since 
it will directly affect that of the fjords. The Baltic current, with 
its characteristic low salinity, can be traced flowing northwards 
along the wect coast of Norway becoming progressively mixed with 
Atlantic waters of a higher salinity. In the Bergen area runoff and 
direct precipitation also affect the salinity of coastal waters so 
that on balance the fjords have access to waters usually within the 
limits of 31 to 35%6. 
Tidal variation in the area averages 1m, although in 1933 the 
difference between the highest and lowest waters was especia]ly great 
(1.9m) at Bergen as a result of many exceptionally violent storms. 
The latter conditions caused renewal of the bottom waters of many 
fjords of western Norway (Strm, 1936). 
3.2 Salinity and Temperature 
Salinity and temperature were determined only in the upper 
90.-120m at each station due to limitations of the N.I.O. salinometer 
used (see Appendix B). 
Profiles of salinity for the various stations, illustrated in 
Fig. 3.1 	Location of hydrographic 























Figs. 3.3-3.11, show a well-defined halocline with a positive 
gradient 1 at or near to the surface. The low salinity of the 
surface waters is the result mainly of local runoff but map be 
exaggerated by direct precipitation. Such a feature is character-
istic not only of fjords (e.g. Pickard, 1961; 1963b; Herlinveaux, 
1962; Rattra.y, 1967; Saelen, 1967) but estuaries in general 
(e.g. Bowden, 1967; Pritchard, .1967). No current measurements 
were made but it was observed from the drifting of leaves that the 
surface waters invariably flowed seawards. 
The near-surface salinity profile observed at all stations and 
the omnipresent surface outflow indicate the most common type of 
surface water circulation found in fjords, namely 'two-layer flow 
with entrainment', where sub-surface inflow occurs to compensate for 
salt water entrained by the outflow (Bowden, 1967). Thus salinity 
is a conservative parameter whose distribution is controlled by 
mixing between low salinity surface water and underlying high salinity 
water. Fig. 3.2a shows diagrammatically the probable surface 
circulation. 
A thermocline, usually with a negative gradient, is always co-
incident with the halocline (Figs. 3.3-3.11). However, it is the very 
marked change in salinity that is always the dominant control on 
density distribution as in most estuaries (Pickard, 1963a). There-
fore, a marked pycnocline (density gradient) invariably coincides with 
1 A positive gradient of a parameter is defined as an increase in 
its concentration with depth. 
FIG. 3.2 Idealised Circulation Patterns 
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the main halocline. 
Salinity and temperature distributions within the deeper 
waters vary considerably between fjords and will be discussed below. 
3.3 Dissolved Oxygen 
As dissolved 02  was analysed using an 'oxygenmeter' in 1970 
and 1972 (see Appendix B), and by Winkler titration in 1971, the data 
are presented in terms of percentage saturation relative to the 
surface water concentration2 and in units of ml/l 02  respectively. 
This makes direct comparison of the two sets of data difficult 
although trends may be compared reasonably well. The difficulty 
arises, largely from non-equilibrium of 02  between surface waters and 
the atmosphere. This may be demonstrated by calculating percentage 
saturation using the more common method of expressing the observed 
concentration as a percentage of the equilibrium concentration at 
in situ temperature and salinity at I atmosphere pressure. Table 3.1 
shows the observed and calculated dissolved'0 2 concentrations at 
stat.ons Mo 49,' Bo 1 and Bo 2. Evidently, the surface waters at all 
three stations are supersaturated and are therefore losing 02 to the 
atmosphere. This in part is due to the upward flux of 02  from a max-
imum at depths between lm and 15m (Figs. 3.7, 3.9 and 3.10). 
A similar maximum is present at two of the 'stations occupied in other 
years (Figs. 3.4 and 3.5). Such a maximum is common in fjords (e.g. 
Strm, 1936; Gaarder, 1916; !ickard, 1961) and most other types of 
2 This definition of saturation is used throughout unless otherwise 
stated. 
TABLE 3.1 
A comparison of equilibrium 02 concentrations at !in situ t 
conditions with observed concentrations at stations 
No 49, Bo 1 and Bo 2 
Dep th Equilibrium Observed Station 
(m) concentration concentration 
(mi/i) (mi/i) 
Mo 49 	 1 7.36 	. 7.86 
5 6.80 . 	 8.23 
10 	. 6.65' 7.62' 
15 ' 	 6.79 7.42 
25 6.95 .4.70 
40. 6.87 '1.03 
60 6.87 1.00 
8o 6.86 0.60 
105 6.85 0.76 
120 ' 	6.85 ' 	 o.68 
130 6.85 	' . 	 1.15 
140 6.85 ' 
. 	 0.74 
150 	' 6.85 	'' 0.58 
.160 6.85 
. 	 0.79 
170 6.85 0.78 
180 6.85 0.63 
200 6.85 0.67 
210. 6.85 	' . 	 0.20 
Bo 	1 	' 0 7.48 ' 7.53 
5 . 	 7.48 7.72 
10 '7.48 	. 7•47 
15 , 	 7.50 7.99 
20 .7.62 7.38 
22 8•05N 7.12 
25 . 	 7.91 
' 	 5.99 
30 7.83 	' ' 	 3.53 
35 '7.74 ' ' 	 3.42 
40 7.74 3.93 
42.5 7.74 ' 	 3.05 
45 ' 	 7.74 	' . 	 ' 	3.12 
47-5 7.74 ' 1.80 
50 7.74 0.70 
52.5 7.74 ' 	 0.70 
55 ' 	 7.74 	' . 	 0.20 
Bo 	2 	' 0 ' 	 7.20 
' 	 7.79 
10 7.34 ' 	 8.28 
20. 7.52 . 	 6.47 
30 ' 	 7.64 3.85 
40 7.64 4.65 
50 , 	 7.64 3.97 
60 7.64 3.21 
70 7.64 	' 	' 1.80 
8o 7.64 1.80 
90 7.64 	, 2.91 
100 7.64 1.00 
110 ' 	 7.64 0.70 
118 7.64 0.70 
123 7.64 , 	 1.00 	. . 	 . 
124 7.64 , 0.40 •. . 
127 7.64 0.70 ' 
129 7.64 , 	 1.80 
12. 
water body, and is usually attributed to the activity of photo-
syntheeising organisms. Abundant diatoms were collected in the 
near-surface waters of Llofjord and Bolstadfjord (p.  33) suggesting that 
the observed maxima have a similar origin. Heating of surface waters 
lowers the 02  solubility and therefore is also capable of producing 
a sub-surface dissolved 02  maximum (Strm, 1936; Richards, 1957). 
However, this mechanism is considered to be unimportant in causiug 
the observed maxima as the near-surface temperature and salinity con-
ditions are such that, except at Bo 2, a surface rather than a sub-
surface 02  maximum would result. 
There is at least one distinct oxycline with a negative 
gradient at all stations and, except for Osterfjord, the deep waters 
are less than 250P saturated with 02 	Variations in the distribution 
of 02  often occur at the same depths as salinity and temperature 
changes, particularly in near-surface waters (Figs. 3.3-3.111. 
Unlike salinity and temperature, dissolved 0 2 
 is a non-conservative 
parameter, that is tb say its distribution is not only a function of 
physical transport and mixing but also of in situ production (photo-
synthesis) and utilisation. Its depletion in deep waters is due to 
the oxidation of organic debris by respiring organisms coupled with 
a lack of circulation. 
3.4 Osterfiord, 
In Osterfjord (station No 23, Fig. 3.3), the low salinity water 
is restricted to the surface 4m owing probably to a lessened influence 
of river discharge, the great width of the fjord, and greater mixing 
between surface and deeper waters. At 45m  depth, there is a significant 
13, 
change in the salinity gradient, and this also marks the upper' 
boundary of an isothermal water body. No sub-surface 02 
exists. Oxyclines between 50-80m and 190-200m separate the water 
column into three units, each having constant dissolved 02  con-
centrations. The upper 50m is well-oxygenated and even the 
deepest waters are more than 401a saturated. Gaarder (1916) also 
observed greater than 90% saturation in the waters of Ostèrfjord 
down to .60m. 
The above data suggest the existence of three relatively 
homogeneous water bodies, separated by zones of mixing, in addition 
to the low salinity, surface layer. Most of the surface outflow 
probably occurs in the upper 4m of low salinity water while the 
surface water circulation, including the compensating current, is 
probably confined to the upper 50m. The fairly well-oxygenated deep 
waters indicate a reasonably efficient circulation there too which 
is only to be expected from the lack of shallow eills in the fjord. 
Oaarder (1916) found evidence in the fjord for a complex deep cir-
culation and in addition noted its variation with time. 
3.5 Molviksfjord. 
The waters down to 25m depth in Nolviksfjord differ from those 
in Osterfjord in that they ahow a 'stepped' halocline (station 1'o 34, 
Fig. 3.4). Salinity increases very slowly with depth from 25m to 
45m and is then constant to at least 90m. An 02  maximum is encountered 
at im. Below this there is a 'stepped' 02  profile to 45m even more 
complicated than that of salinity. These waters are considerably less 
aerated than at equivalent depths in the main fjord (Fig. 3.3), for 
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instance water at 45m is only 20 saturated with 02. The 02  content 
decreases only slowly with depth beneath this to'15% saturation at 
240m. 
The main outflow probably occurs in the upper 2m but the surface 
circulation is obviously complex. It is interesting to note that the 
steepest part of the salinity gradient occurs above the sill depths. 
(i.e. 14m and urn). A surprising feature concerning the deep waters 
(45m), which comprise 80 of the water column, is that they are well-
mixed despite having a restricted circulation as seen from dissolved 
concentrations. The 02  profile also indicates that advection of 
individual water bodies into the fjord from outside the sill does not 
often occur. This suggestion is further supported by water in 
Osterfjord which has a salinity of 30.2% at sill depth (17m) com-
pared to water with a salinity of 30.5 at the same depth within 
11olvikafjord. The difference between these two salinity profiles 
increases with depth, for instance at lOm below sill depth, Octerfjord 
waters have a salinity of3O.50/loanc1 Llolviksfjord waters a salinity of 
33.85% . Thus the cause of the deep water mixing within Tiolviks-
fjord must be internal. The driving force for this internal circu-
lation may be frictional stress at the upper surface of the deep water 
bo&y (Rattra.y, 1967). This is diagrammatically represented in Fig. 
3.2b. Certainly in many cases fjords with large river runoff have 
a greater overall deep water circulation compared to those with a small 
runoff (Pickard, 1963a). 
3.6 I.lofjord 
An almost homogeneous layer of very low salinity (1.00..1.85%) 
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is present in the surface metre of the water column at stations No 8 
and No 49 (Figs 3.6 and 3.7). Both Nordgaard. (1906) and Strm 
(1936) have alreay demonstrated the great influence that the River 
Lioelv has on the salinity of the surface waters of flofjord and 
recorded a seasonal variation in surface salinity of only 1.01-
5.75%8. This implies that runoff is probably sufficient to maintain 
a permanent density stratification of the surface waters. 
Data from 1970 and 1971 show that the main halocline is 
'stepped' (Figs. 3.5, 3.6 and 3.7) and the salinity constant with 
depth between 50mand 120m. Nordgaard (1906) (Fig. 3.8) and Strm 
(1936) reported isohaline waters below lOOm and noted that the salinity 
of bottom waters at the deepest part of the fjord ranged between 32.16 
and 32.49%, similar to the values observed in this study (32.10% 
and 32.94%). Therefore, it seems that little if any long term 
variation in the salinity distribution has occurred. A comparison 
of temperature data for the years 1904 (Nordgaard, op. cit.), 1970 
and 1971 (Fig. 3.8) shows that there is commonly a surface minimum 
and a thermocline with a negative gradient somewhere between 5m and 
22m. There is a sub-surface 02  maximum (2-5m) at stations No 7 and 
NO 49. The main oxycline occurs between limits of 15m and 60m at all 
stations sampled in the fjord (Figs. 3.5, 3.6 and 3.7). Below 60m 
02 concentrations change little except in the bottom 10-20m of the 
water column at both the deep stations (Mo 7 and Mo 49) and the 
shallower station (!io 8) where there is an appreciable decrease. 
A point of interest arises from a comparison of 02  data of this and 
previous studies, some of which were conducted prior to the deepening 
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of the main sill in 1916. Lebedinzeff (1905) (Fig. 3.8) and 
Gaarder (1916) observed that02 decreased to zero at 60m below which 
dissolved R26 existed reaching a maximum of 2.0 mi/i at 210m. 
However, the bottom water in June 1932 contained 0.22 mi/i 02  (Strrn, 
1936), similar to that at the present time. Clearly, only prior to 
deepening of the sill were the deep waters anoxic. Despite this 
major change in cgiditious, the depth of the base of the main oxy-
dine (-60m) has remained constant with time (Fig.. 3.8). 
The data indicate that the fresh water outflow exists primarily 
in the surface metre or so and the compensating inflow above 25m. 
The deep waters (,60m) are similar to those in Molviksfjord in that 
they are surprisingly weli-mixed despite the presence of a particularly 
shallow sill (v3.5m) and a restricted deep circulation as indicated 
by their low 02  content. Again there is no evidence to support 
flushing of the fjord's deep waters by water entering over the sill 
so that the same arguments can be made in support of some kind of 
deep internal circulation. 
3.7 Bolstadfjord 
A very low salinity (r-' i%) surface layer up to 20m thick occurs 
in the inner parts of Boletadfjord. (Figs. 30, 3.10 and 3.11). While 
several significant rivers flow into the fjord, most runoff originates 
from the River Vosso situated at the fjord's eastern end. Strm 
(1936) has estimated its discharge as >80in 3/sec over a period of 
a year which is of the same order as the rivers supplying the fjords 
of British Columbia (Pickard., 1961). In 1971 the surface waters were 
isohaline to a depth of 13m and lOin at stations Bo1LandBO 2 
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respectively (Figs. 3.9 and 3.10). Since river waters are added to 
the fjord waters between these two stations (Fig. 3.1) and the fjord 
is wider at Do 1 than at Bo 2, the thinning of the isohaline layer 
away from its source indicates that mixing or more correctly entrain- 
ment of saline waters by the surface outflow (Pickard, 1963a) increases 
westwards. Very pronounced haloclinee exist between 17-29m and 
17-27m at Do 1 and Bo 2 respectively, indicating that the thickness 
of the surface outflow is almost constant in this part of the fjord 
despite entrainment. TheBe features are in accordance with the 
characteristic surface situation in many well—stratified estuaries, 
namely that an increase in volume of the surface outflow away from the 
main source (due to further addition of runoff and to entrainment) 
does not cause a thicker outflow but one of increasing velocity 
(Pickard, 1963a). 
Both stations (Do 1 and Do 2) display only a slight increase in 
salinity below the halocline. It is important to note that the 
salinity gradient between 30m and 70m at Do 1 is slightly less than 
at Bc 2 suggesting that the waters are fractionally better mixed. 
The salinity is constant below 70m and hOrn at Bo 1 and Bo 2 respect-
ively. There were three significant differences between the 1971 
and 1972 salinity profiles for the inner basin. In 1972 (at Bo 4 - 
Fig. 3.11, and Bo 5):- 
only the top 5m of the water column was isohaline. 
the halocline was located over a greater depth range (5-36m). 
the halocline was tepped. 
Although river discharge was almost certainly lower in 1972, it is not 
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necessarily illustrated in the salinity profiles since the depth of 
low salinity water is not necessarily dependent on the amount of 
river discharge. For instance, Tully (1949) found in fjord-like 
basins that the thickness of the low salinity layer was inversely 
related to the amount of runoff up to a critical value and thereafter 
became proportional. 
- The surface water temperature at station Bo 1 in 1971 was 
constant at 12.2 0C to a depth of 17m whereas at Bo 2, further from 
the main source of runoff, a small gradient existed between Om 
(13.60C) and 17m (12.40C), (Figs. 3.9 and 3.10). 	This feature is 
interpreted as the increasing effect of solar and atmospheric warming 
which has also been observed in fjords of British Columbia (Pickard, 
1961). At both stations a negative thermocline is coincident with 
the halocline and below e40m the waters are essentially isothermal. 
The temperature distribution within the inner basin in 1972, like that 
of salinity, shows three important differences from the previous year 
(Figs. 3.9 and 3.11):- 
a continuous negative gradient exists between 4m and 
21m with a decreased gradient between lOm and 15m. 
a temperature minimum is present between 22m and 36m. 
a small positive gradient exists below 36m that is 
probably due to conduction of heat from the deep waters 
towards the temperature minimum. 
The temperature minimum coincides with the lower part of the 
'stepped' halocline indicating that this zone (22-36m) is not one of 
mixing between adjacent water bodies but represents a third, distinct 
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watcr body. 
Strm (1930) occupied a station in the outer basin on 
a different occasion from that described above and observed similar 
salinity-temperature conditions to those present in 1972 within the 
inner basin. Therefore on the four occasions the fjord has been 
examined, two contrasting types of temperature-salinity profile have 
each been seen twice implying a recurrent and perhaps even regular 
change in the fjord's hydrography. Whether this variation is 
a short term one, perhaps related to tidal change, or a longer term 
feature, such as a seasonal change, is unknown. 
A station immediately inside the sill, occupied in 1971 
(Fig. 3.10), shows that low salinity water was present throughout the 
water column (12m) suggesting that no flow of saline water into the 
fjord was occurring at the time. Outside the sill (Fig. 3.10) 9  
a brackish layer ("5%o) with a relatively high temperature existed in 
the surface metre. The main halocline occurred between im and 3m 
whereas the temperature decreased steadily below im, The sill 
obviously acts as a barrier to circulation since the maximum density 
() observed within Bolstadfjord is 17.3 compared,for example, to 
a value of 26.7 at 40m outside the sill. Furthermore the water 
density at sill depth outside the fjord is the same as that of the deep 
waters within the fjord which suggests that water entering the fjord 
over the sill controls the bottom water salinity of the fjord's outer 
and middle basins (Strm, 1936; Pickard, 1961; 1963b; Herlinveaux, 
1962). The temperature and salinity conditions observed in this part 
of Boletadfjord by Strm (1936) are plotted in Fig. 3.10 along with 
20. 
those observed in 1971 at Bo 2. The most important point to be 
noted from the comparison is that the bottom waters remain constant 
in their salinity. Although it was noted above that a compensating 
inflow over the sill appeared to be absent in 1971, it may neverthe-
less be concluded that the salt water entrained by the surface out-
flow must be compensated over a period of time in order to maintain 
the constancy of bottom water salinity (see Pig. 3.2c). 
A sub-surface 02  maximum occurs within the fresh water layer 
at Bo I and Do 2 (Figs. 3.9 and 3.10). This feature differs from 
the maxima found in the other fjords to the eztent that it occurs 
above the halocline and can be attributed to the presence of a fresh 
water flora in Boletadfjord (p. 33). Dissolved 02  concentrations 
decrease with depth from these well-oxygenated, fresh waters to the 
saline waters at 30m (3.6 mi/i 02  or <50% saturation). A much 
smaller decrease in 02  is observed at Do 4 (1972) between 20m and 30m 
(Fig. 3.11) corresponding to the zone of the temperature minimum 
described above. Unlike surface waters, variations in the dissolved 
02 content of the deep waters (>30m) appear unrelated to changes in 
temperature and salinity. A small maximum occurs at 40m in the pro-
file at Do 2 (1971) below which 02  decreases gradually to 70m and 
then more slowly to the bottom where the water contains only 0.7 mi/i 
02. In contrast, 02  decreases rapidly with depth below 40m at Do 1 
(1971) and is absent below '55m. Although the 02  concentration at 
30m within the inner basin in 1972 (Bo 4) was considerably greater 
than in the previous year (Bo i), similar concentrations existed at 
40m on both occasions. Unfortunately 02  was not measured below 40m 
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in 1972 at Bo 4 but its decrease with depth must have been pro-
nounced as dissolved H2S was detected at 51m. Therefore the depth 
of the 02-H2S boundary in the inner basin appears to have been 
relatively unaffected by the h.ydrographic changes in the overlying 
waters between 1971 and  1972. 
Some indication of the H2S concentrations was gained from 
variations in response of a silver-sliver sulphide electrode 
(Berner, 1963; see Appendix B). Profiles of E = at stations Bo 1 
and Be 3 (Fig. 3.12) show that there is a marked increase in electrodo 
response betweeniv45m and 60m. In contrast to observations in the 
anoxic waters, the Es = values in oxic waters are unreliable as the 
electrode responds to other half-cell reactions (blhitfield, 1971). 
In addition, fluctuations of electrode response in samples from 
different hydrocaets in the anoxic waters (Fig. 3.12) indicate that 
the electrode was affected by hysteresi8 and/or 'poisoning'. Hence 
the 	values provide at best an indication of the trend in suiphide 
activity within these waters. To obtain an accurate measurement of 
the total concentration of dissolved sulphide species, a colorimetric 
method of analysis was employed in 1972 (Appendix B). The data 
obtained by this method indicate a linear increase in H 2S content With 
depth between"51m and at least 75m (Fig. 3.11). 
Dissolved phosphate and silicate were also measured within the 
inner basin of Boletadfjord in 1972 (Appendix B). At Bo 4 (Fig. 3.11), 
silicate and phosphate concentrations increase slowly with depth from 
the surface to the 02-H2S boundary and then more rapidly to 67.5m and 
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depth in less while silicate appears to decrease fractionally 
although within the limits of precision is constant. The phosphate 
and silicate distributions at Do 6 are similar. However, they are 
different at Bo 5 (Fig. 3.13) in that the marked increase in grad-
ients, which coincides with the 02—H25 boundary at Bo 4 and Do 6 1  
occurs at -'70m  thus implying that the 0 2—H2S boundary also occurs at 
this depth. This confuses what otherwise appears to be a simple 
explanation of the depth at which the 0 2—H2S boundary is found.. That 
is, the upper boundary of the anoxic zone is maintained at iw51-55m 
by water circulating over the innermost sill ('52m according to Strm, 
1936; see Fig. 2.5) from the middle basin of the fjord. Unfortunately 
it was not possible to explain this anomaly as it was not realised 
until sampling had been completed. 
The dissolved suiphide and nutrient data for stations Do 4 and 
Bo 6 indicate that the deep waters of the inner basin are vertically 
stratified except possibly within the bottom "15m. In 19719 the 
density gradients 3 between 30m and 70m at stations Do 1 and Bo 2 were 
2.1 x 10 m 	and 2.9 x 10 m7 l and suggest that vertical mixing 
was slightly better at Do 1 (see also salinity gradients described 
above). This is surprising with the knowledge that only the inner 
basin is anoxic. Several possible explanations can be given to 
account for this trend. Firstly, the proximity of the inner basin 
to the River Vosso and hence to a greater supply of detrital organic 
3 Density gradients expressed a6 10. Mt m where z is the 
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matter may cause a greater consumption of 02  in its deep waters. 
Alternatively, the decrease in salinity and 02  gradients below 70m 
at Bo 2 may be the result of some kind of circulation (c.fe 
tlolviksfjord and Ilofjord) which supplies 02  to the deep waters of 
the middle basin. The trend may also possibly be due to the fact 
that the deep waters of the outer and middle basins are completely 
renewed more regularly than are those of the inner basin. 
3.8 Cause of Anoxicity 
As stated above, the depletion of 02  in the deep waters is 
essentially due to its consumption through the oxidation of organic 
matter, and to its limited supply which results from a lack of cix'-
culation. Circulatory processes are in turn affected by several 
independent factors such as the relative depths of basin and sill, 
the density of the water outside the basin at sill depth, tidal 
characteristics, the amount of runoff, and general meteorological 
conditions. Richards and Vaccaro (1956) and Richards (1965) have 
proposed that a critical value for the density gradient near sill depth 
must be present before anoxic conditions may develop. They consider 
1 x 10 m to be this critical value. Compared to values for 
several anoxic and poorly oxygenated basins, Mofjord, 1JolviksfjoH and 
the outer basins of Boletadfjord (Table 3.2) all have density gradients 
at eill depth far in excess of thie 1 !c'itical' value and yet are oxic. - . 
This demonstrates that although an empirically derived, minimum density 
gradient may be obtained if a sufficient number of bei's are studied, 
it is meaningless in terms of predicting whether the basin will develop 
TABLE 3.2 
• 	Approximate stability across the sills 
of some basins and fjords. 	After Richards (1965) 
BASIN Acr/z x 10 	m 1 
Gulf of Mexico 2.0 x 
Catalina Basin 3.1 x 
Santa Barbara Basin 4.4 x 
6 	 Oxic 
10 
Santa Monica Basin 8.8 x io6 
Kaoe Bay 2.4 x 10 
Cariaco Trench • 	 • 	 3.2 x 10 
Gulf of Cariaco 3.5 x 10 	 Anoxic 
Saanich Inlet 1.5 x 10 
Black Sea 3.0 x 10-4  
Approximate stability at or below sill depth 
in Moford and Bolstadfjord 
Mofjord: (sill depth = '-3m) 
	
0- 5m 	 2.8 x 10 
5-25m 	 4.7 x 10-4  
Bolstadfjord: (sill depth = -2m) 
12-25m 	 Estimated at 1-2 x 10 
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anozic conditions. The same is true of the other factors affecting 




4.1 Dissolved 02, H9S, Phosphate-P, Silicate-Si, and Titration 
Alkalinity within the Inner Basin of Bolstadfjord. 
The profiles of dissolved 
021  H25, phosphate-P and silicate-Si 
at Bo 4 1 Bo 5 and Bo 6 were described in section 3.7. Titration 
alkalinity 1 (determined electrochemicafly, see Appendix B) increases 
with depth throughout the water column at station Bo 4 (Fig. 4.1). 
There are marked increases in the titration alkalinity both across 
the halocline and at the 02-H25 boundary but below. 60m its increase 
with depth is very slight. The epecific a].kalinity2 of the near-
surface, low salinity waters falls below the range of values reported 
for normal sea water (Table 4.1). Thir. is probably due to the 
relatively low concentrations of bicarbonate and carbonate ions that 
exist at such low pH values (Skirrow, 1965) as those observed in the 
near-surface waters (p. 30). In contrast, the specific alkalinity 
of waters below 49m. is above the range for normal sea water reaching 
a maximum of 0.191 which is similar to the highest value measured in 
thQ anoxic waters of Lake Nitinat (Table 4.1). These high values are 
attributed mainly to an increase in carbonate alkalinity (resulting 
from the oxidation of organic matter) but to some extent are due to 
1 Titration alkalinity is the sum of the analytical concentrations 
of the anions of carbonic and weaker acids which in normal sea 
water is equivalent to:- [Hco]+ 2[co32 ] +[H2B03 ] + [oHj - [H] 
2 Specific alkalinity 	titration alkalinity x 10 3 
chiorinity 
Fig. 4.1 
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TABLE 4.1 
Values of specific alkalinity at Bo 4 
Depth 	 Titration alkalinity 	 Specific alkalinity 
(m) (m equivs./1) 	 --- 
15 0.194 0.108 
20 1.083 0.139 
25 1.031 0.115 
30 1.136 0.120 
40 1 .452 0.125 
49 1.594 0.136 
55 1.757 0.149 
59 2.158 o.181 
70 2.245 0.189 
75 2.270 0.191 
Lake Nitinat (maximum yalue) - 0.200 
(Richards:et,al., 	1965) 
Normal seawater - 0.119-0.130 
(Skirrow, 	1965) 
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relatively high concentrations of anionic species of sulphide-S, 
phosphate-?, and silicate-Si. The maximum concentrations of these 
three are compared with those found in other anoxic basins in 
Table 4.2. 
There are two possible modes of origin of dissolved H 2  S but 
both are related to the breakdown of organic matter. One is by its 
putrefaction particularly of proteinous material (Knee, 1963). 
The other is one of bacterial sulphate reduction which Kaplan et al. 
(1963) and Deuser (1970) have shown to be the dominant process. The 
linear increase of dissOlved H28 with depth in the anoxic zone at Bo 4 
(p. 21) may suggest that the gas originates from the sediments and is 
diffusing into the water column, although consumption of H 2  S through 
its oxidation at the 02-H25 boundary could produce a similar profile. 
Knee (1963) has shown that bacterial levels in anoxic, surface 
sediments of the Black Sea far exceed those in the overlying eater 
column and therefore it seems reasonable to expect that the relative 
rates of sulphate reduction are similarly distributed. The author 
knows of no study of an anoxic marine basin where dissálved H 2  S has 
been measured contemporaneously in both the pore waters and anoxic 
bottom waters. However reported H 2  S concentrations in pore waters 
of Saanich Inlet sediments (maximum 530011!I1/l) (Niesenbaum et al., 1972) 
far exceed those in the overlying anoxic waters ("20pr/1) (Richards, 
1965). This supports the view that the upward flux of dissolved H 2  S 
from anoxic sediments into anoxic bottom waters is the main source of 
the latter's H 2 S content although Sorokin (1964) considers that 
sulphate reduction can also take place in the water column. 
TABLE 	4.2 
Maximum concentrations of dissolved H2S, 
phosphate-F, silicate-Si and titration alkalinity 
found in various anoxic basins 
Locality H2S phosphate-P silicate-Si Titration 
and reference (pg at./1) (pg at./l) (jg at./l) alkalinity 
(m equivs./l) 
Inner basin of 
Bolstadfjord 193 2.88 62.60 2.27 
(this study) 
(Brewer, 	1971) 601 9.92 227.00 447 
Frarnvaren, 
a Norwegian fjord -..-935 --113.00 - 
(Piper, 	1971) 
Cariaco Trench 
(Richards et al., 
1956; 	Fanning 30 .2.80 - -70.O0 - 
and Pilson, 	1972) 
Lake Nitinat, B.C. 
(Richards et al., '-"340 12.50 -'-'180.00 - 
1965). 
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The high phosphate-P and silicate-Si concentrations observed 
in the anoxic 'waters are the'reault of decomposition of organic 
material although, unlike H2S and carbonate alkalinity, their origin 
is not directly linked to redox processes. Redfield et al. (1963), 
Richards (1965) and others have applied a stoichiometric model to 
organic matter breakdown using the average composition of marine 
plankton (atomic C:N:P = 106:16:1). The successive steps in its 
breakdown (i.e. by oxygen, d.enitrification and sulphate reduction) 
may be represented as follows (Richards, 1 965):- 
(ca20) 106 (NH3 ) 16H3PO4 + 138 02 = 106 CO2 + 122 H 2  0 + 16 HNO3 + H3PO4 ..A 
(cH20) 106 (NH3 ) 16H3PO4 + 84.8 HNO3 = 106 Co2 + 42.4 112 + 148.4 H20 
+ 16 NH3 + H3PO4 	 ..B 
(cH2o) 106 (N 3 ? 16H3Po4  + 53 S0 	= 106 Co2  + 	2- + 16 NH3 + 106 H0 
+ H3PO4 	 S.0 
Thus in a closed system initially saturated with 02 j  it is theoretically 
possible to predi.ct the quantitative relationships between the products 
of organic decomposition. The observed value of A sulphide-S/ 
A phosphate-P in the anoxic waters at Bo 4 is '.'78 (Fig. 4.2) which is 
considerably higher than that predicted (53) by equation C above. 
This may partly be a reIlection of the abundance of terrestrial plant 
debris in the fjord sediments (p.45 ) since such material has a much 
lower phosphorus..content (atomic C:P'5O0 according to the data of 
Bowen,. 1966). No covariance between the oxygen consumed during 
oidat'-icn by free 02 and the phosphate-P concentrations exists in the 
oxic waters below 30m although there should be a A 0/A P value of 276 
according to equation A above. The ratios ("500-1400) are invariably 
Fig. 4.2 
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far in excess of this value, perhaps in part due to the abundance of 
terrestrial organic matter. 
The observed A silicate-Si/A phosphate-P value is 16 in the 
anoxic waters at Bo 4 (Fig. 4.2). Grill and Richards (1964) observed 
experimentally the concurrent release of silicate-Si and phosphate-P 
from phytoplankton in the ratio 16:1 which is also close to the value 
suggested by Richards (1958) from observations made in the North 
Atlantic Ocean and Caribbean Sea. The similarity between these and 
the observed values suggest that most of the phosphate-P present in 
the anoxic zone at Bo 4 is derived from plankton as opposed to terr-
estrialmatter. This does not preclude the possible significance of 
terrestrial orcanic matter in consuming oçygen (see above) as the 
amount of phosphorus thus released would be relatively small. 
In conclusion, the relationships between dissolved H 25, 
phosphate-P and silicate-Si suggest a common origin, organic matter 
breakdown. The observed concentrations however, are not those pre-
dicted by the simple stoichiometric model which assumes that oxidation 
has proceeded in a closed system and that the initial material has 
a uniform composition similar to that of marine plankton. The real 
reasons for the disparities may not be as simple as was suggested 
above. For instance, the ratios between the initial organic de-
composition products may not reflect those in the original organic 
detritus, and the decomposition products, if derived from the sediments, 
may not occur within the water column in the ratios that existed 	-. 
immediately after decomposition due to their reactions with solid 
phases in the sediment (i.e. sulphide precipitation, carbonate 
29. 
precipitation) (Sholkovitz, 1973). 
4.2 Eli 
Eli (and pH) was measured (Appendix B) at all stations occupied 
in 1971. Eli electrode response varies little (+350 to +475 mV) in 
the water column at stations No 49 and Bo 2 (Pig.' 4.3). However, 
there is a much greater variation (-70 to +550  mV) 'within the inner 
basin of Bolstadfjord (Bo 1 and Bo 3; see Fig. 4.3) where most of 
this change occurs across the 0 2-H2S boundary as in the Black Sea 
(Skopintsev, 1957). 
Eli is id.eally a measure of the oxidising or reducing potential 
of a system but its measurement is problematical both in regard to 
the practical difficulties of electrode performance and to the 
thermodynciuic interpretation of the results (florris and Stuunn, 1967). 
For instance somewhat erratic electrode response is demonstrated by 
the data for hydrocasts 1-3 and 4-6 at station Bo 1 (Fig. 4.3) and it 
is known that not all redox equilibria behave reversibly at the 
electrode surface. 
Table 4.3 shows observed pE3 values at Bo 1 and those calculated 
using the oxygei-hyd.rogen couple, which defines pE in oxygenated. 
waters (Silln, 1961), and the sulphide-sulphate couple, which defines 
pD in the anoxic zone. The calculated values deviate considerably 
from those observed in all instances which may partly be the result 
of the low exchange currents for the above reactions at a platinum 
electrode (Berner, 1971). teaaured pE (Eli) in sulphide-rich sediment 
pore waters has been attributed to the following half,cell reaction 
(Berner, 1963):- 	S 2- = S0 (s) + 2e 
F 	Eh . 
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TABLE 4.3 
Calculated pE values 
for various reactions at Bo 1 
Depth Observed -log-I S pO Observed A B C 
(rn) pri pE, 
• 0 5.98 . 0.179 	. +9.70 +14.6 
.10 6.21 O178 +6.74 +14.4 
20 6.81 . 0.176 +6.77 +13.8 
30 6.86 0.084 +5.85 +13.6 
40 6.62 0.094 +5.78 +13.9 
50 6.65 . 0.017 +5.42 +13.6 
55 6.66 4.65 0.005 +1.78 - 13.5 -2.36 -1.44 
60 6.66 4.17 +0.33 -2.42 -1.69 
65 . 	 6.61 	. 4.12 . 	 • 	 .' -1.22 -2.35 -1.66 
70 6.63 4.04 -0.67 . -2.39 -1.72 
75 6.61 3.93 	. 	 . -1.22 -2.38 -1.76 
8o 6.65 3.88 , -0.69 -2.43 -1.82 
A 	pE calculated from 	+ H(w) + e =' -H20 pE° = +20.75 
B 	pE calculated from 8 SO4 	-f- - H(w) + e = 	H2S(g) + 
pE 	
-H20'. 
° = +5.75. 	. 	 . 
C 	pE calculated from iS(s) + H(w) + e = -H2S(g) 	pE° = +2.89 
A, B, and C - after Sturnm and Morgan (1970)  
-log[H2S] = negative logarithm of H 2S(g) concentration assuming 
total 
'2 	rH2sI + VHS) and H2S HS + H pK1 = 7 
2 - 	 -2.9 	. 	 . SO4 activity tazzen as 10 
30. 
There is some evidence (p. 41) that elemental S, which must be 
present if this couple is responsible for the pE measured at Bo 1, 
exists in the anoxic waters. As H 2 
 S is the dominant suiphide 
species at the in situ pH (6.6) (assuming ionisation constants for 
1125 of pK1 = 7 and pK2 = 12.9; after Krauskopf, 1967), the equ.i-
valent H2S-S0  couple is used to calculate pE values (Table 4.3). 
These also differ from the observed pE values but are closer to 
them than the values calculated from the sulphide-sulphate couple. 
Other possible pE controlling reactions occurring in the water 
column at Bo 1 are discussed on p. 83 
4.3 PH 
At station 1.10 49, there is a very low surface pH, a sub-
surface maximum, and an intermediate and constant pH in the well-
mixed waters below 45m (Fig. 4.3). The profiles at to 1 and Bo 2 
are similar except that the pH in the latter profile decreases grad-
ually with depth in the deep waters (Fig. 4.3). The range of 
observed pH values ( 6.0-8.2) is greater than that for normal sea 
water (7.8-8.3) (Skirrow, 1965). The low pH of the surface waters 
may be attributed to the runoff of poorly buffered, slightly acidic 
waters. The coincidence of the highest pH values with the base of 
the halocline at all three stations rather than with the observed 02 
maxima (see Chapter 3) suggests that the pH maxima result from normal 
sea water being sandwiched between low pH waters. The origin of the 
low pH waters in the deeper parts of Bolatadfjord and !lofjord is 
probably related to the increased concentrations of anionic decom-
position products of organic matter (see p. 25). 
31. 
CHAPTER 5 
SUSPENDED PARTICULATE MATTER 
5.1 Introduction 
Suspended particulate matter (>0.45ii) was collected in 1970, 1971 
and 1972 at all the stations shown in Fig. 3.1 except No 34 and Bo 6. 
All samples were analysed for Ca, K, Fe, Ti, Si, Al, lug, P and Mn by 
X—ray fluorescence spectrometry. X—ray diffraction of the 1970 
samples showed that considerable amounts of salt remained on the filter 
papers despite thorough washing. Therefore Cl (and s) was determined 
in samples collected during 1971 and 1972 in order that Ca, K, Mg and 
S concentrations could be Oaalt corrected' (Appendix D). Scanning 
electron microscopy (S.E.I.) and X—ray diffraction were used to 
identify the major constituents of the particulate matter. 
Total suspended matter was determined gravimetrically in 1971 
and an estimate of the inorganic matter content was obtained from the 
sum of elements expressed as oxides; Fe being expressed as Fe 203, Mn 
as MnO2 , and S as 50. The concentration of elements expressed in 
this manner should be equivalent to more than 90% by weight of the 
inorganic constituents of an average argillaceous sediment 
(c.f. Wedepohi, 1968). 
More detailed descriptions of the sampling and azalytical 
methods are included in Appendices A and C respectively and a complete 
set of tabulated analytical data in Appendix D. 
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5.2 Major Constituents 
Most samples when diffracted show a sharp and symmetrical peak 
at —10R which is attributed to micaceous material (illite). The 
characteristics of the reflection, which are its shape and sharpness, 
are similar to those in illite from the underlying sediments and 
indicate that it is well—oryatalliaed (p.  47). A smaller peak at 
3.34 probably represents quartz. The sample collected from a depth 
of 20m at Bo 1 is unique in that the quartz peak is larger than the 
1OR peak and in that two additional reflections exist at 9.4 and 
3.1k which have not been identified. In the underlying sediments, 
the quartz and feldspar reflections are invariably more intense than 
the IOR peak. The general dominance of the 1OR reflection in the 
suspended particulate matter may indicate that there is a relative 
enrichment of micas within the water column although the way in which 
particulate matter is sampled results in the orientation of minerals, 
whereas the diffraction method for the underlying sediments involves 
the use of unorientated samples. The more rapid settling of quartz 
and feldepars relative to minerals of a platy habit could account for 
the enrichment as suggested by Rodolfo (1964) to explain a similar 
feature observed in waters off California. Other minerals, present 
in considerable concentrations within the underlying sediments 
(e.g. chlorite and amphibole), are not found in the suspended 
particulate matter perhaps due to the insensitivity of the analysis. 
The S.E.M. photographs show that the suspended particulate 
matter is variable in grain size, mainly in the range 1-50 j, but is 
predominantly at the fine end of this range (Figs. 5.1 and 5.2). 
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As a comparison, d'Anglejan (1970) estimated that more than 90% of 
the suspended particles in the Gulf of St. Lawrence were 2ii in size. 
The S.E.M. photograph of the sample collected from 20m at Bo 1 
èhows a uniform film of material (Fig. 5.2c and f) that is probably 
due to orientated clay minerals. Much material of organic origin 
is evident in the S.E.M. photographs (Fig. 592), particularly diatom 
frustules in the near-surface waters. The remains of the marine 
diatom, Skeletonema costatum, is commonly seen in the particulate 
matter of Mofjord (Fig. 5.2a and b) whereas the fresh water species, 
Tabellaria flooculosa,.occurs in the waters of Bolstadfjord. (Fig. 
5.2c). Although frustules of T. flocculosa may be introduced into 
the fjord via runoff, the total absence of S. coetatum in the waters 
of Bolatadfjord suggests that a largely fresh water biota exists 
there probably due to the thick ('-urn) low salinity surface layer of 
water. Other organisms, which have been tentatively identified, are 
the 'house' of the chrysophycean, Calycomonas c.f, fragilis (Fig. 5.2e), 
and a coccolithophorid (Fig. 5.2d). 
5.3 Distribution of Suspended Particulate Matter 
A comparison of the 1971 data for total and inorganic suspended 
particulate matter with that for other waters (Table 5.1) ebows that 
the observed range overlaps with values reported for open ocean and 
near-shore waters. By difference, it is estimated that organic part-
iculate matter comprises roughly 60-90% of the total particulate 
matter and varies between 0.12-0.62 mg/i. Similar values have been 
reported for near-shore waters (0.2-0.3 mg/l or 90-95% of the total 
suspensate) (Beer and Goraline, 1971) and for waters of a glacial 
TABLE 5.1 
• 	 Suspended particulate matter (S.P.M.) 
concentrations (in mg/i) 
Locality 	 Total S.P.M. 	Inorganic S.P.M. 
and reference 
Fjord water, Berg?n area 	
0 15- 1 49 	 0 03-0 59 (this study, 1971 data) 
English Channel 	 - • 	
0 16-1 20 (Armstrong, 1958) 
Somes Sound, a Maine fjord 	
0 6 -4 	 - (Folger etal., 1972) 
N.E. Atlantic Ocean 	 • 
(surface waters) 
(Copin-Montegut and 	• 	 • 
Copin-Montegut, 1972) 
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estuary (0.035-0.65 mgJi) (Loder and Hood, 1972). 
The main rivers entering Boletadfjord and Liofjord, the Vosso 
and the floelv respectively, generally have inorganic particulate 
loads similar to the surface fjord waters whereas total particulate 
and hence organic matter tends to be more concentrated in the surface 
fjord waters. There is a marked near-surface maximum of total 
particulate matter at several stations whjch is coincident with the 
pyonocline (Figs. 5.3 and 5.4). There are several possible con-
tributary reasons for the mima: 
the pyonocline acts as a physical barrier to settling 
(Jerlov, 1 959; Poetma, 1967; Beer and Goruline, 1971). 
the recycling of particulate matter by the surface 
circulation. For. example Poatma (1967) has suggested 
that within basins having an estuarine circulation, 
particulate matter penetrating the pyonocline may be 
transported towards the head of the basin by the corn-! 
pensa.ti.ng current and then returned to the surface out-
flow by entrainmente 
the flocculation of clay minerals (Nhitehouse et al., 
1960; Postma,  1967). 
d.) in situ biological productivity. 
The most important causes are probably a and d. Uaters below the 
pycnocline and more than 20m above the surface of sedimentation 
generally contain small amounts of particulate matter whereas bottom 
waters sometimes contain high concentrations (e.g. No 23, no 49 and 
to some extent Bo 2 as shown in Figs. 5.3 and 5.4). 
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5.4 Elements Predominantly Associated with Detrital Silicates 
Particulate Al is predominantly held in detrital aluminium-
silicate minerals and will be used as an indicator of their con-
centration (d'nglejan, 1970; Spencer and Zaohe, 1970; Price and 
Calvert, 1973). The range of particulate Al concentrations (Table 
5.2) is similar to that reported for the Gulf of St. Lawrence (1-
20 pg/l).by d'Anglejan (op. cit.) and for near—shore waters (0.4-
70 iig/i) by Atkinson and Stefanseon (1969). Table 5.2 shows the 
observed range of particulate Si, K, gig, and Ti; all show some 
covariance With particulate Al concentrations (Fig. 5.5). K, 1g 
and Ti are also likely to be associated predominantly with aluminium 
silicates while Si is additionally held as quartz and diatom frustules. 
Four samples, collected in 1971 from the River Iioelv and the surface 
2m of water in Z1ofjord, are exceptional in that particitate Al is 
greatly enriched relative to particulate Si, K, Mg andTi (Fig. 
5.5 and Table 5.3). This excess particulate Al may be brought into 
the fjord as a hydrous oxide or hydroxide of aluminium; its absence 
below 2m in the fjord could be due either to its simultaneous removal 
via the surface outflow (p. io) or to the increased solubility of 
aluminium at the higher pH (Stumm and Morgan, 1970) existing in the 
sub—surface waters (p.  30). 
Figs. 5.7 and 5.8 show that particulate Al, Si, Ti, Mg and K 
are concentrated at the pyonocline at stations Mo 49 and Bo 1 
respectively. Although surface concentrations of these five elements 
are similar in Bolstad.fjord. and Mofjord, the concentrations in the 
deeper waters (below the pycnocline) of Bolstadfjord are significantly 
TABLE 5.2 
Element concentrations 
in suspended particulate matter (in pg/i) 
Element 	 Range 	 Average 
Al <0.50- 24.49 8.00 
Si 3.9 1-209.91 25.70 
K <0.50- 	9.26 3.10 
Mg <0.01- 10.12 2.00 
Ti <0.03- 	1.62 0.42 
Ca <0.08- 1 3.56 2.20 
• 	P • • 	 0.57- 	13.12 3.20 	• 
S 1.35-2119 - 
P values obtained from samples collected in 1970 and 1971 only. 
TABLE 5.3 
Element/Al and K/Mg ratios in particulate matter 
Station Depth Si/Al K/Al Mg/Al Ti/Al Ca/Al K/Mg 
and Date (m) 
Mo49 0 1.14 	' 0.13 0.08 0.020 0.04 1.57 
1971 0* 1.20 0.12 0.08 0.020 0.06 1.59 
2* 1.26 0.13 0.09 0.020 0.08 1.42 
5 10.78 0.48 0.30 0.074 0.38 1.6o 
5* 6.22 0.37 0.25 0.057 0.20 1.50 
10 7.14 0.61 0.43 0.056 1.07 1.40 
10* 9.32 0.53 0.26 0.068 0.57 2.05 
15 5.75 0.69 0.41 o.o6o 1.01, 1.67 
25 7.18 1.37 0.66 0.052 1.25 2.10 
40 	' 5.84 0.70 0.24 0.048 0.97 2.98 
6o 5.01 0.59 0.69 0.100 0.56 0.85 
80 4.48 0.49 0.96 0 .09 1 0.95 0.51 
105 .3.61 0.51 0.24 0.083 0.94 2.16 
120 4.77 1.28 0.41 0.085 1.32 3.08 
130 . 	 4.03 ' 	 0.66 0.25 0.09 1 0.88 2.64 
140 4.02 0.80 0.20 0.075 0.90 3.92 
150 4.15 1.02 0.21 '0.102 1.02 4.76 
160 '4.30 	' 0.58 0.28 , 0.072 '0.92 2.05 
170 2.62 1.33 0.01 0.040 2.18 - 
180 4.00' 0.65 0.41 0.088 0.92 1.57 
200 3.56 0.73 0.39 0.083 1.84 1.87 
210 2.38 2.13 1.65 0.085 8.27 1.29 
bottom sediments 
at 1,1049 3.82 0.35 0.17 0.065 0.36 2.02 
River Moelv. 
1971 
1.48 0.14 0.08' 0.032 0.19' 1.90 
River Beitleel 
3.26 0.29 0.06 0.038 0.03 '5.31 
Mo 23 , 	 0 5.50 0.51 0.36 0.071 0.28 1.40 
1970 10 8.35 , 2.20 '2.06 0.028 2.39 1.07 
30 5.32 1.23 1.03 0.040 1.07 1.20 








5.10 1.01 0.78 0.042 
4.52 .0.41,,, 0.45 0.062 
4.46 0.50" - 0.063 
3.36 0.38 .0.17 0.060 
298 0.29 0.17 0.056 






- 	* sampled by a second hydrocast in near-surface waters. 
+ not salt corrected 
Table 5.3 continued 
Station Depth Si/Al K/Al Mg/Al Ti/Al Ca/Al K/Mg 
and Date (m) 
Bo 	1 0 2.34 0.21 0.13 0.036 0.05 1.60 
1971 5 2.29 0.20 0.12 0.029 0.13 1.68 
10 2.34 0.27 0.15 0.036 0.14 1.77 
15 2.56 0.22 0.15 0.031 0.17 1.50 
20 2.96 0.26 0.40 0.065 0.20 o.66 
22.5 2.80 0.25 Q.17 0.033 .0.19. 1.51 
25 2.91 0.27 0.19 0.035 0.20 1.46 
30 3.18 - - 0.059 - - 
35 2.72 0.30 0.18 0.031 0.17 1.69 
40 2.59 0.26 0.17 0.046 0.12 1.51 
50 2.35 0.36 0.19 0.035 0.28 1.86 
55 2.41 0.30 0.21 0.034 0.24 1.44 
60 2.69 0.35 0.26 0.039 0.15 1.33 
65 2.49 0.25. 0.25 0.034 0.07 1.02 
70 2.38 0.31 0.14 0.037 0.08 2.18 
75 2.25 0.21 0.25 0.015 0.09 0.85 
• 80 2.45 0.27 0.14 0.043 - 2.01 
bottom sediments 
at Bo 1 3.14 0.28 0.21 0.069 0.22 1.38 
Bo 	2 0 2.55 0.23 0.12 0.038 0.10 1.89 
1971 10 2.43 0.21 0.11 0.028 0.03 1.90 
20 2.92 0.29 0.17 	• 0.035 0.17 1.71 
30 2.99 0.37 0.14 0.038 0.22 2.67 
40 	• 2.90 0.37 0.13 0 .05 1 0.23 2.74 
50 2.73 0.33 0.14 0.032 0.19 2.34 
60 2.50 0.32 0.14 0.030 0.12 2.22 
70 2.37 0.32 0.17. .0.030 . 	 0.15 1.93. 
80 • 2.65 	• 0.36 0.18 0.033 0.12 2.03 
90 2.60 0.47 0.20 0.036 0.25 2.41 
100 2.60 	• 0.41 0.19 0.040 0.28 2.18 
110 2.65 0.49 0.30 0.040 0.62 1.62 
• 	
• 118 2.52 0.36 0.19 0.054 0.62 1.95 
123 2.55 0.52 0.32 0.037 0.69 1.63 
124 2.34 0.60 0.61 0.048 	. 1.79 0.99 
127 2.67 0.59 0.33 0.040 	• 0.91 1.78 
130 2.66 0.55 0.43 0.040 1.32 1.29 
bottom sediments •, . 
at Bo 2 • 	 • 3.16 0.-28 0.17. 0.063 0.24 .1.54 
Bo 	3 42.5 2.35 0.30 .0.15 0.034 . 0.14 2.01 
197 1 • 45 2.36 0.37 . 	 0.18 0.034 0.22 2.11 
47.5 2.49 0.34 0.20 0.060 0.33 1.71 
50 2.33 0.33 0.20 0 .05 1 0.55 1.62 
52.5 265 0.33 .0.25, 0.095 • 0.34 	• 
55 2.70 0.30 0.18 0.060 0.27 1.68 
• 	 • 	 . 57.5 2.47 0.38 0.23 0.048 • 	 0.22 1.63 
60 2.89 0.31 ' 0.25 0.065 0.19 1.25 
65 2.62 .0.33 0.21 0.058 0.64 1.59 
70 	• 2.47 	• 0.27 0.19 '0.044 0.07 	, 1.42 
• 78 	• 2.57 0.35 0.21 0.046 	' 0.20. .169 
River Vosso 	







Si/Al K/Al Mg/Al Ti/Al Ca/Al K/Mg 
Bo 	5 0 2.90 0.36 0.23 0.046 0.26 1.52 
1972 5 2.70 0.31 0.23 0.072 0.21 1.33 
10 2.92 0.33 0.29 0.044 0.14 1.13 
15 2.85 0.20 0.21 0.053 0.17 0.98 
40 5.49 0.44 0.40 0.085 0.32 1.12 
45 4.08 0.28 0.26 0.063 0.20 1.06 
50 3.70 0.29 0.27 0.065 0.19 1.07 
55 3.88 0.29 0.24 0.078 0.25 1.24 
60 3.12 0.35 0.22 0.070 0.32 1.6o 
65 4.50 0.44 0.32 0.074 10.24. 1.39 
70 4.42 0.42 0.30 0.061 0.38 1.41 
8o 2.61 0.23 0.52 0.079 0.18 0.44 
Bo 	4 0 2.86 0.33 0.20 0.041 0.05 1.61 
1972 5 :2.63 0.33 0.20 0.052 0.07 1.65 
10 2.65 0.38 .0.32 0.046 0.34 1.20 
15 3.08 0.38 0.22 0.060 0.21 1.73 
20 2.98 0.41 0.28 0.069 0.26 1.43 
25 3.54 0.36 0.28 0.067 0.19 1.27 
30 4.00 o.68 0.29 0.072 0.34 2.33 
35 5.27 0.94 0.41 0.090 0.32 2.27 
40 4.10 0.47 0.28 0 .09 1 0.35 1.68 
42.5 4.13 . 0.69 0.34 0.109 0.44 2.02 
45 3.74 0.46 0.36 0.076 0.21 1.28 
47 3.25 0.32 0.25 .0.071 0.15 1.29 
49 3.43 0.51 0.42 0.080 0.41 1.21 
51 2.36 0.34 0.31 0.060 0.23 1.09 
52.5 2.44 0.30 0.27 0.072 0.19 1.14 
53 2.77 . 0.25 0.18 0.069 0.20 1.39 
55 .2.46 0.28 0.27 0.053 0.16 1.06 
57 2.10 0.31 0.35 0.064 0.26 	. 0.90 
59 2.13 0.22 0.20 0.075 0.09 1.12 
62.5 2.78 0.23 0.31 0.059 . - 0.73 
65 1.76 0.21 0.21 0.068 0.14 1.00 
67.5 2.40. 0.24 0.27 0.100 0.05 0.90 
70 2 .75 0.23 0.35 0.065 . 	 - 0.65 
72.5 2.66 0.34 0.43 0.054 0.05 o.8o 
75 2.88 0.37 0.31 0.069 0.29 . 1.17 
River Vosso 
1972 
2 .41 0.26 0.15 0.061 0.14 	. 1.69 
• 
Element-At relationships in particulate matter 
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greater and possibly teflect a slower settling of detritus caused 
by the marked density stratification (p. 22). Profiles of 
particulate Al, Ti and Si for stations Uo 23, £bo 49 and Be 2 are 
shown in Figs. 5.6, 5.7 and  5.9 respectively. Although in all 
instances the bottom waters ohow anomalously high total particulate 
matter concentrations (see p. 34), only at No 23 can this be 
attributed to detrital silicates as indicated by the distribution of 
particulate Al, Ti and Si. The deep circulation in Osterfjord at 
No 23 (p. 13) suggests that the bottom maximum here may be due to re-
suspension of bottom sedimeut. 
The average Si/Al ratio of the particulate matter in the waters 
of Bolstadfjord in 1971 was 2.5 (Fig. 5.5 and Table 5.3) compared to 
'3.1 in the underlying sediments and to an average valize for ehales 
of 3.0 (Krauskopf, 1967). The low value in the particulate matter 
probably reflects the rapid settling of quartz grains relative to micas 
and a low standing crop of diatoms at the time of sampling (p. 39). 
The same ratio avorages 4.2 and 4.4 in the particulate matter of 
Osterfjord and I.bofjord respectively, compared to respeôtivo values of 
and -'3.8 in the underlying sediments (see p. 39 for discussion). 
The average K/Al and I.lg/Al ratios in river and near—surface 
particulate matter from Bolstadfjord in 1971 were 0.22 and 0.14 
respectively, being slightly lower than values represehting average 
shale (Table 5.3). The values of these ratios are higher and more 
variable below the pyonocline (>29m) while they are intermediate in 
the underlying sediments. The following year their values had 
increased in the particulate matter from Bolotadfjord largely because 
37. 
more particulate K and Mg occurred. 
In the particulate matter of Mofjord the K/Al and MgJAl ratios 
are far more variable throughout the water column and, except for 
the surface samples, are invariably higher than in the underlying 
sediments. In0sterfjord too the ratios are higher in suspended 
particulate matter than in the sediments but here the particulate 
matter swnpleswere.not corrected for contained salt. Very high 
K/Al and Mg/Al ratios exist in the particulate matter from the bottom 
waters at Mo 49 and Bo 2 (Table 5.3; see p. 84 for diècusoion). 
There are, several factors that may affect the MgJA1 and K/Al 
ratios of the particulate matter and produce the high values observed 
below the pycnocline. Firstly there may have been an error in 
correcting for the retained. sea-salt (Appendix D). Hàwever a gross 
error in this assessment, which is improbable, would be needed to 
explain some of. the ratios. In 'addition residual salt on the filter 
papers would result in a relatively low K/Mg ratio instead of a high 
ratio, as observed in the deep waters (Table 5.3), sinbe there is 
a lower concentration of K than ?Ig in sea water. As expected this 
effect is evident in the sub-surface samples collected. at Mo 23 in 1970 
which are uncorrected for retained salt (Table 5.3). A second and 
more likely factor is the rapid settling of non-K and non-Mg bearing 
aluminium-silicates such as plagioclase feldepars. This mechanism 
however would also tend to lower the K/Mg ratio as K is likely to be 
present in both micaceous and orthoclase minerals whereas Mg is probably 
present mainly as chlorite (p. 49). There is the possibility that 
fairly rapid adsorption of Mg and K by clay minerals and amorphous 
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material has occurred. Russell (1970) observed that cation ex-
change reactions occur when river-borne clay minerals are introduced 
into the marine environment and that equilibrium is reached within 
a period of weeks. In absolute ternis, Russell observed that I1g was 
adsorbed to aslightly greater extent than K. This is to be ex-
pected in cation exchange reactions occurring in sea water since 
d.ivalent ions, are adsorbed preferentially to monovalent ions 
(Carroll, 1959) and Mg is more concentrated than K. Russell (op. 
cit.) remarks however that it is surprising that K was adsorbed to 
the extent observod because illite comprised only "5 of the total 
clay mineral content. It is knorm that K fixation byTleeched 
micaceous minerals (i.eo illite) occurs to a greater extent than for 
any other element (Carroll, op. cit.). Since such minerals are 
likely to predominate in the suspended particulate matter of this 
study (p. 47) it is probable that K-adsorption occurs to a greater 
degree than was. observed by Russell (op. cit.). 	- 
Ti/Al ratios of the particulate matter collected from Boletad-
fjord in 1971 (Bo 1, Bo 2 and Bo 3) are lower than thoe in the 
following year (Bo 4 and Bo 5) and also lower than theratios in 
particulate matter from Outerfjord and Llofjord (Table 5.3). Surface 
sediment values of Ti/Al for all the fjords range between 0.060-0.069 
and are similar to the average value quoted for shale of 0.056 
(Krauskopf, 1967). However only in Osterfjord is there a close 
similarity between the values of the Ti/Al ratio in the particulate 
matter and sediments (Table 5.3). There are no defined vertical trends 
in the Ti/Al ratios in the waters examined, with.vlue,:.eseçiaLly in 
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Mofjord, varying erratically with depth. Similar Ti/Al ratioe 
occur in particulate matter from coastal waters off Scotland (Price 
and Calvert, 1973). These authors suggest that an increase in Ti/ 
Al ratio represents an increase in grain—size of the particulate 
matter. The completely different range of Ti/Al ratios found in the 
particulate matter of Bolotadfjord in consecutive years suggests that 
such a relationship may exist here since this difference is not 
likely to reflect a change of source material. 
5.5 Elements Predominantly Associated with Biogenous Iiatérial 
The high si/iAl ratios of the particulate matter of £lofjord 
(110 49) and probably' Osterfjord (Iio 23) (Fig. 5.5 and Table 5.3) are 
due for the most part to a large standing crop of diatomà (Fig. 5.2a 
and b). The values of this ratio are greatest in the near—surface 
waters of Lofjord and reach a maximum of 10.8 at 5m (equivalent to 
.-16o i.igJl Si in excess of the amount present as silicate minerals if 
we assume this material to have a Si/Al ratio of 2.5). The gen-
erally lower values of the Si/Al ratio in particulate matter from 
Bolatadfjord (see stations Bo 1-5 in Table 5.3) reflect a smaller 
standing crop of diatoms (Fig. 5.2c). 
Particulate Ca concentrations are shown in Table 502. 
Variations in the Ca/Al ratio of silicate minerals are insufficient 
to produce the range of values observed in the suspended particulate 
matter (Table 5.3). The highest Ca/Al ratios, as well as K/Al and 
tifAl ratios, occur in particulate matter from the bottom waters at 
L10 49 and Bo 2 and are coincident with exceptional particulate rIn 
concentrations ( see p. 84 for diacusion). However most of the 
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observed variation is almost certainly related to changes in the 
biogenous contribution of particulate Ca. Although organisms 
secreting calcium carbonate skeletons, such as coccolithophorids 
(p. 33), probably account for most of this fraction, diatoms may 
also be important in this respect. For example the Ca/Si ratio 
in several species of diatom varies between 0902 and 0.06 according 
to Vinogradov (1953) and an even higher ratio has been reported for 
some Black Sea species (Vinogradova and Koval'skiy, 1962). If these 
values are correct, it is estimated using a Ca/Si ratio of 0.02 that 
a significant proportion (a maximum of almost ahalf) of the par-
ticulate Ca exists as diatom frustules. 
Ab with the Si/Al ratio, differences in the Ca/Al ratio of 
particulate matter imply a much greater standing crop of plankton in 
Mofjord than in Bolstadfjord. This characteristic is also reflected 
in the underlying sediments although the absolute values of the Ca/Al 
ratio are lower (Table 5.3). There was a significant increase in 
the values of both the Ca/Al and Si/Al ratios in particulate matter 
from Boletadfjord in 1972 (Bo 4 and.Bo 5) compared to 1971 (Bo 1, 
Bo 2 and Bo 3) (Table 5.3) suggesting the existence of a larger standing 
crop of plankton. However changes in the chemical composition of the 
lithogenous fraction of the particulate matter between the two years 
as indicated by Ti/Al ratios (p. 39) may also have affected the Ca/Al 
and Si/Al ratios. 
The concentrations of particulate P and S are shown in Table 
5.2 and their vertical distributions in Figs. 5.6-5.9. The most 
striking feature is the exceptionally high concentration of particulate 
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Both particulate P and S may be present to some small extent 
in the lithogenous fraction. For instance P may exist as apatite, 
abundant in the probable crystalline source rocks (Kolderup and 
Kolderup, 1940) 9 ' as phosphate ions adsorbed by clay minerals 
(Carroll, 1959) while S may occur as detrital suiphide minerals, 
also common in the source rocks, or as adsorbed sulphate ions 
associated with clay minerals (Carroll, op. cit.). However there is 
little covariance between particulate P or S and any other element 
within the oxic waters examined, demonstrating the varying source of 
these two elements in the waters. Although a significant amount of 
particulate P and S will be associated with terrestrial organic debris, 
their most important contribution is probably that from plankton in 
which both elements are considerably enriched (Bowen, 1966). This 
is especially true in surface waters whore particulate organic matter 
comprises up to 93 of the total load or 0.62 mg/i (p. 33). Thus 
the fact that maxima of particulate Sand P coincide with that of 
detrital components at No 49 (Fig. 5.7) whereas both elements are con-
centrated above the pycnoclino at Bo 1 (Fig. 5.8) can be: explained 
since they will be associated with the biologically productive zone 
as well as with detrital constituents. Although variable, the p/s 
ratio of the particulate matter (except where elemental oulphur exists) 
averages about unity which is similar to that in plankton and certain 
terrestrial plants (Bowen, 1966). Particularly high concentrations 
of particulate P and S exist in the bottom waters at No 49 (Fig. 5.7) 
which are reflected by an equally high content or particulate organic 
matter (Fig. 5.3). However, high values of particulate P observed 
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around the 0228  boundary within the inner basin of Bolstadfjord 
(see for instance sample from 55m at Bo 1 in Fig. 5.8) are unrelated 
to changes in the particulate organic matter concentration (see 
p. 85 for discussion). 
It is interesting to note that particulate P and S concentrations 
in Bolsiadfjord support the contention that a greater standing crop 
of plankton existed there in 1972 than in 1971. The amount of par-
ticulate P relative to that of detrital lithogenous material in the 
waters, as indicated by P/Al ratios, is between one and two orders of 
magnitude greater than in the underlying sediments.. This is a re-
flection of the biomaso occurring within the water column (e.g. the 
standing crop of plankton) and the regeneration of organically bound 
P in the deeper waters and underlying sediments (p. 27). The s/Al 
ratios of the particulate matter (0.3-5.6; exclusive of samples 
from anoxic waters in Bolstadfjord) are almost invariablr greater 
than those of the underlying sediments although thisis Obviously more 
marked in the oxic sediments (0.01-0.04) than in the anoxic sediments.-
(0.04-0.6). In a similar way this demonstrates the regeneration of 
organically bound S despite the fact that the element's distribution 




Two main sediment facies, Imarginal  and 'basin', are evident 
as in other fjord basins (Guoluer and Gross, 1964; Doff, 1970). 
Their distribution is related to the morpholor of the basins. 
Sediments of the 'marginal' facies represent coarse—grained and 
occasionally thin deposits, often only of shell debris, occurring on 
shallow rock ledges at the sides of the basins. The 'basin' facies 
sediments are restricted to the deep, flat floors of the fjords and 
are generally finer—grained. Little or no sediment cover exists on 
the steep fjord tialls that separate these contrasting environments. 
Only 'basin' facies sediment cores were collected during 1970 
and 1971 (Fig. 6.1). The cores from IIofjord, Lolviksfjord and 
Ooterfjord were sub—sampled at intervals varying between 2cm and 
10 cm. Those from Bolstadfjord were sub—sampled according to lith-
ology. The sampling techniques are described in more dètai]. in 
Appendix A and core logs are given in Appenâi E. Dried samples 
(1100c) were analysed in bulk for major elements (Ca, K, Fe, Ti, Si, 
Al, LIg, P, Ian, B and c) and for trace elements (Rb, Sr, Zr, Y, Nb, Ni, 
Zn, Cu, Pb and Llo). The Cl content of the sediment samples was also 
determined in order that a correction could be made to those elements 
(s, Llg, Ca, K and Sr) present in residual sea salt (Appendix D). 
With the exception of C, the analysis of all elements was carried out 
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using X-ray fluorescence speotrometry (Appendix C). Total-C was 
determined by combueting the sample in a LECO induction furnace and 
carbonate-C or "CO2" by acid treatment (HC1) and measurement of the 
CO2 e'iolved (Appendix C). The difference between these two values 
is taken to be the organic-C content. The mineralor of some oed4-
ment cores was determined by X-ray diffractometry (Appendix C). 
A complete set of analytical reeults is given in Appen&ix D along with 
a correlation matrix (Kendall Rank) for the sediments as. a whole. 
6.2 Description of the Sediments 
The sediments in Osterfjord differ considerably from the others 
being mainly blue-grey or green-grey coloured, homogeneous clays and 
silts. Certain horizons contain shell materialp, mostly fragmented 
and complete bivalves, and terrestrial organic debris, mainly leaves 
and twigs. The surface few centimetres of some cores have a reddish-
brown colouration. The sediments of Osterfjord are well-compacted 
and restricted penetration of the coring device. They seem to be 
devoid of 1125 and will therefore be termed oxic although it is possible 
that slight sub-surface sulphate reduction may occur. 
In contrast the surface sediments (0-5cm) of Mofjokd, Bolatad-
fjord and Molviksfjord are invariably black in colour and comprise 
organic-rich muds strongly smelling of 1125.  Consequently these sedi-
ments will be termed anoxic. At depth however their litholoy varies 
both between fjords and between basins within the same fjord. Sub-
surface sediments from Inner Mofjord are similar to the surface sedi- 
ments there but in addition contain terrestrial organic debris and shell 
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material in greater abundm'ce than is seen in the oxic sediments. 
Irregular, light coloured laminations occur throughout the length 
(maximum 130cm) of all cores from this basin and suggest the absence 
of any burrowing Organisms and strong bottom currents (Caivert, 1964). 
In the following discussion this type of sub-surface lithology will 
be referred to as 	anoxic sediment (see core Mo 7(2)S in 
Fig. 6.2). The irregular vertical distribution of laminations corn-
pared for instance with the 'varTed' sediments of Saanich Inlet 
(Gross et al., 1963) and Drannnensfjord in southern Norway (Strm, 
1936; Doff, 1970) is due to the typically irregular runoff of the 
rivers of western Norway (Strm, op. cit.). The sub-surface sedi-
ments of Outer Mofjord are similar to those in the inner basin ex-
cept that they are not laminated and show instead the presence of 
polychaete dwelling tubes. The core (Mo 26) from the outer basin 
and the two cores (Mo 8 and No 14) from just inside the inner basin 
contain exceptionally large amounts of shell material. It is thought 
that much of the sediment in these two areas is derived by slumping 
from the shallow sill at Mostraumen where deposits comprising pre-
dominantly shell debris are accumulating. In Molvikefjord there is 
a sharp break in the sediments at '45cm between 'normal anoxic 
deposits and an olive-green coloured, homogeneous clay that exists 
down to at least 105cm. In Bolstadfjord the sub-surface sediments 
vary greatly both vertically within a core and between the three 
basins of the fjord. In addition to the 'normal' anoxio sediment, 
occasional horizons of organic-poor, homogeneous, light grey clay and 
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twigs occurin some cores (see cores Bo 1 and Bo 6 in Pig. 6.2). 
Slumping and turbidity currents are thought to be a relatively 
cotunon feature of fjord sedimentation (e.g. Piokard, 1961; 
Holtedahl, 1965) and therefore provide a plausible explanation of the 
observed coaree horizons particularly since the latter cannot be 
traced from one basin to another and thus suggest that their origin 
is associated t-zith a form of transport occurring below sill depth. 
Sub-marine clay slides in fjords have been observed on several 
occasions (e.g. Tersaghi, 1957; Rooenqvist, 1960) and are the 
probable cauae of the grey clay horizons in the sediments of Boistad-
fjord. Strlm (1936) also attributed this mechanism to explain clay 
horizons in Draminensfjord sediments. 
6.3 Mineraloiy 
The qualitative mineralogy of cores Bo 1 and Bo 6 was determined. 
Quartz (I334>I426), alkali feldspare (3.24 - c.f.Jrgensen, 
1965) 9 plagioclase feldepars (4.04 - c.f. Peterson and Goldberg, 1962), 
and micaceous material or illite (Iio>> I5 ) are the piedominant 
minerals present. The sharp and symmetrical character of the 10 
reflection suggests that the illite is fine-grained and well-crystal-
used (Weaver, 1961)0 There is invariably a significant peak at 
and often smaller ones at 14a and 4.7; in all cases Ii >> I7 
1i4. 
Chlorite is therefore present as it has a series of basal 
reflectionsat 14, "7, 4-7R and 3.51 of which the 4.7R peak is 
diagnostic (Biscaye, 1964). Kaolinite has a series of basal reflec-
tions at --7, 3.57, 2.35R and 1.8R and thus may also occur. A small 
2. 71R reflection is always present and is attributed to pyrite. The 
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main amphibole peak (8.5) occurs in some diffraction traces. 
A halite peak (2.82) always occurs and is due to residual sea salt 
in the sedimentee Other minerals that may be present in small amounts 
but have not been identified are montmorillonite (14) and mixed-
layer illite-montrnorillonite (1i.5-11.i). No peak that could be 
attributed to, a mixed Ca, Mg, Mn carbonate was observed in any of the 
traces. The bulk mineralogy is very similar to that described for 
Fennoscandian glacial and post-glacial clays (e.g. Collini, 1 950; 
1956; Wikiander, 1950; Rosenqvist, 1955; Graff-Petersen, 1957; 
Jrgensen, 1 965; !1cNamara, 1966) supporting the view that this 
material probably represents the source of much of the fjord sediment. 
6.4 tifajor Element Geochemistry 
The mean and range of major element concentrations in the fjord 
sediments are shown in Table 6.1 along with those for comparable types 
of sediment. The iiajor element concentrations of the different lith-
ologies are hOri in Table 6.2 and the element/A1203 ratios of the 
sediments,in the various fjords are compared in Table 6.3 to those of 
a gneiss from the Bruvik area (about 20 km to the south of Stamneahella; 
see Fig. 2.2), ':Osiofjord sediments and to average shale. Anoxic 
sediments are sub-divided into four groups (p.117);  InormalO anoxio 
sediments; organic-poor sediments comprising the coarse-grained and 
light grey coloured clay horizons in Bolstadfjord; shelly sediments; 
and Vln-rich sediments. 
a) Elements dominantly associated with the lthogenoue fraction 
of the sediments 
Al is predominantly associated with detrital aluminium-silicate 
TABLE 6.1 
Major element concentrations 
in the fjord and comparable sediments (wt.) 
1 	 2 	 3 	4 	5 	6 
	
4.21 3.63 	0.93 2.49 2.21 5.50 
CaO 	
2.02-14.29 	1.92-7.30 
- 	 2.83 	 3.33 	3.26 	2.00 	3.61 	1.31 
1(0 2 1 .75-4. 1 0 2.27-3.81 
Fe 203 6.15 8.08 	8.23 	5.49 	6.89 	1.40 
(total) 3.13-9.42 6.48-10.43 
MnO 0.18 1.31 	0.48 	0.10 	0.11 	- 
(total) 0.02-1.93 
0.73 0.67 	0.84 	0.63 	0.77 	0.25 
Ti02 
0.45-1.17 
52.30 49.60 55.34 66.53 58.62 78.33 
Si02 32.72-67. 19 34.85-59.01 
13.04 13.60 17.84 1 3.5 1 16.63 4.77 
A1203 7.12-18.12 8.77-15.48 
2.03 2.42 3.42 2.11 2.60 1.16 
mgo 
0.56-4.46 1.77-2.97 
0.30 0.34 0.14 0.14 0.16 0.08 
P205 0.15-0.66 
1.28 2.10 0.35 - - 5.03 
Co2 
0.00-9.24 0.08-6.45 
4.55 3.27 0.31 0.43* 1.10* 0.80 
Org C 
0.38-9.32 
1.35 	 1.04 	- 	0.12 	0.24 	0.03 
0.07-3.01 
Average and range of 174 samples - this study 
Average and range of 13 Oslo Fjord sediments (Doff, 1970) 
Average argillaceous pelagic sediments (Chester, 1965) 
Average greywacke (Wedepohl, 1968) 
Average shale (Wedepohi, 1968) 
Average sandstone (Clarke, 1924) 
* 	total C 
TABLE 6.2 
Major element concentrations 
in the main lithologies (wt.%) 
1 2 3 4 5 
4.54 3.34 2.54 2.57 8.95 
CaO 
3.81-6.04 2.25-6.41 2.02-3.01 2. 12-3.81 5.75- 14. 2 9 
3.50 2.74 3.22 	. 2.80 2.49 
K 2  0 3.34-3.71 1 .75-3.90 2 .37-4.10 2.27-3.98 2.03-3.00 
• 
. 6.62 	. 5.79 6.41 7.65 	. 4.74 
Fe203 3.55-7.68 3.36-8.35 5.57-9.42, 3.13-6.81 
0.15 0.08 0.16 0.53. 0.04 
MnO 
0.05-0.43 0.03-0.16 0.06-0.52 0.10-1.93 0.02-0.09 
0.80 0.73 0.82 0.81 0.56 
Ti02 0.73-0.86 0.46-0.96 0.54-0.93 0.70-1.17 0.45-0.69 
54.5 1 53.31 59.52 49.77 48.57 
Si02 50.43-58 . 16 32.72-64.05 52 .35-67. 19 42 .40-59. 1 5 39.93-57.35 
14.09 12.79 15.63 14.34 10.34 
A1203 
13.31-14.89 7.12-16.14 13.49-18.12  12.85-17.59 9.12-11.42 
2.35 1.96 2.50 . 	 2.47 1.27 
IlgO 	
. 1.96-2.97 1.16-2.81 0.86-3.48 1.99-4.46 	. 0.56-1.88 
0.27 0.29 0.26 0.39 0.23 
P 2  0 5 0.23-0.33 0.19-0.43 0.20-0.33 0.23-0.66 0.15-0.28 
1.56 0.54 0.12 0.30 4.74 
CO2 
0.84-2.80 0.00-3.09 0.00-0.34 0.00-1.27 0.78-9.24 
2.20 5.04 . 	 1.18 	. 5.23 5.30 
Org C 1.58-3.16 1.34-9.32 0.38-2.29 0.96-8.00 1.77-8.64 
0.17 1.54 . 	 0.59 1.80 1.43 
S 0.07-0.28 0.30-2.98 0.34-0.90  0.58-2.84 0.57-3.01 
Oxic sediments (21 samples) 	. 
Normal anoxic sediments (76 samples) 
Organic-poor anoxic sediments (ii samples) 
Mn-rich anoxic sediments (37 samples) 
Shelly anoxic sediments (29 samples) 
TABhE 6.3 
Major e1ements/A120 ratios in sediments from the various basins 	- 
Number of 	SiO 
2 	
Ti02 	 K20 	 0 	 CaO 	 MzO 	 MnO 
samples 
A1203 A1 203 	 A1203 	A1203 	
A1203 A1 203 
.Osterf,ord 3.87 
0.056 0.25 0.47 0.31 0.17 0.011 0.019 
sediments 
21 
3.70-4.06 0.053-0.063 0.23-0.27 0.40-0.52 0.28-0.42 0.14-0.21 0.004-0.030 0.016-0.023 
o 	or 4.57 0.054 
0.23 0.43 0.49 0.13 0.005 0.021 
sediments 
68 
4. 20-5.20 0.045-0.080 0.19-0.26 0.28-0.71 0.19-1.57 0.05-0.34 0.002-0.012 0.014-0.031 
1kJor ..O 1V • 	 d .49 0.058 
0.24 0.55 0.90 0.16 0.006 C.026 
sediments (0-50cm) 
8 
4.31-4.63 0.050-0.064 0.22-0.27 0.46-0.64 0.63-1.26 0.14-0.18 0.005-0.008 0.022-0.028 
Nolviksfjord. 3.74 
0.056 0.27 0.48 0.33 0.18 0.007 0.019 
sediments (50-80cm) . 3.69-3.78 0.055-0.057 0.26-0.28 0.47-0.49 0. 32-0.34 0.18-0.19 0.007-0.007 0.018-0.019 
Bolstadfjord - 
. 3.84 0.058 0.19 0.46 0.18 0.16 0.007 0.023 
ir.ner basin sediments . 3.46-4.96 0.040-0.067 .0.17-0.22 0.25-0.56 0. 15-0.22 0.06-0.19 0.004-0.011 0.014-0.030 
Bolstadfjord - middle 
3.48 0.055 0.20 0.52 0.18 0.17 0.035 0.024 
and outer basin sediments 	. 
2 
2.96-4.56 0.041-0.079 0.17-0.24 0.30-0.66 0.11-0.26 0.11-0.30 0.007-0.135 0.013-0.043 
Oslofjord sediments 1 12 	 3.7 0.050 0.24 0.59 0.15 0.18 0.143 0.025 
Geiss from Vaksdal, Bruvik2 4.43 0.037 0.15 0.34 0.22 0.12 0.003 0.013 
Average shale 3 3.52 0.046 0.22 0.41, 0.13 0.16 b.007 0.010 
Average values according to Doff (1970) 
After Kolderiip and Kolderup (1940) 
After Wedepohi (1968) 
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minerals, mainly feldepars and clays, and therefore the element is 
used as an indicator of this group of minerals (Chester, 1 965). Si 
generally correlates well with Al but different 5i0 2/A1203 ratios 
exist in the sediments of the various fjords (Fig. 6.3 and Table 6.3), 
probably' reflecting differences in the plankton productivity within 
the water column and in the relative concentrations of detrital quartz 
and aluminium-silicate minerals (pp.  36 and 39). An inverse 
relationship between Si and Al in some Boletadfjord sediments, 
especially in the organic-poor horizons, implies some dilution of 
clay mineral content by quartz. A similar relationship exists in 
sediments from the Gulf of Paria, Venezuela (Hiret, 1962). Stir-
prisingly some of the grey clay horizons as well as the coarse horizons 
have exceptionally high Si02/A1203 ratios (maximum 4.9). Fine-
grained quartz however, is being brought into Bólstad!jord via runoff 
at the present time"(p. 32) and is biown to be a common constituent 
of fine-grained sediments associated with a glacial origin (ee 
Biscaye, 1964). 
The relationship between Mg and Al is less complex although Mg 
is generally more closely related to Fe, Mn and Ti probably due to 
their mutual association with Fe-Mg minerals (e.g. chlorite). Clay 
minerals are in fact the only abundant Mg-bearing mineral type present 
and Mg is therefore a reasonable indicator of their concentration. 
In this respect the MgO/A1203 ratio varies as much within one fjord 
asit does between fjords and varies little With depth within most 
cores. The coarse horizons in the sediments of Boleiad±'jord are 
notable exceptions having particularly low ratios (Table 6.4), therefore 
4U 	 50 	 60 	 70 
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0-1.5 3.56 0.061 0.18 0.56 o.16 0.18 0.007 N 
1.5-3.5 346 0.060 0.19 0.50 1 0.16 0.17 0.007 N 
3.5-5.5 .3.46 0.059 0.18 0.47 0.17 0.18 o.006 N 
5.5-9 4.00 0.061 0.19 0.41 0.18 0.14 o.006 C 
9-15 3.47 0.058 0.18 0.52 017 0.18 0.009 N 
15-20 3.68 0.048 0.19 0.47 0.18 0.16 0.007 N 
20-22 4.74 0.067 0.18 0.41 0.22 0.16 0.006 0 
22-30 3.71 0.060 0.18 0.47 0.18 0.18 o.006 N 
30-40.5 3.90 o.o6o 0.18 0.47 0.18 0.17 0.006 N 
40.5-45 3.62 0.054 0.20 0.43 0.17 0.18 o.006 o 
45 53 5• 3.51 0.056 0.22 0.42 0.15 0.17 0.005 0 
53.5-60 4.06 0.063 0.19 0.54 0.20 0.19 o.008 N 
60-71 3.69 0.059 0.18 0.48 0.18 0.16 0.007 N 
71-81 3.90 0.059 0.19 0.45 0.19 0.15 0.009 N 
81-90 3.99 0.060 0.18 0.47 0.19 0.18 0.011 N 
90-93 4.68 0.062 0.17 0.39 0.22 o.16 o.006 
93-100 3.70 0.061 0.18 0.54 0.18 o.18 0.010 N 
100-105 4.05 0.057 0.18 0.39 	. 0.19 0.14 o.006 N 
105- 106 4.96 0.040 0.19 0.25 0.17 0.06 0.004 C 
106-120 4.09 0.063 0.18 0.46 0.19 0.15 0.007 N 
Bo6 
0-2 3.39 	. 0.056 0.17 0.55 0.19 0.18 0.098 N 
2-4 3.52 0.057 0.18 . 0.54 0.18 0.18 0.046 N 
4-6 3.45 0.058 0.18 0.59 0.17 0.17 0.040 N 
6-8 3.52 0.057 0.19 0.50 0.19 0.17. . • 0.059 N 
8-10 4.00 0.058 0,19 0.39 0.20 0.14 0.012 N 
10-17 3.46 0.062 0.19 0.55 0.19 0.18 0.038 N 
17-23 3.32 0.057 0.20 0.50 0.17 0.18 0.032 N 
23-35 3.24 0.055 0.20. 0.59 0.20 0.20 0.112 N 
35-38 3.04 0.050 0.22 0.48 0.13 0.18 0.022 0 
38-51 3.21 0.054 0.20 0.63 0.20 0.19 0.135 N 
51-57 3.99 0.052 0.21 0.42 0.20 0.15 0.017 N 
57-65 3.93 0.052 0.21 0.45 0.18 0.16 0.017 N 
65-71 3.58 0.055 0.20 0.58 0.19 . 	0.17 0.049 N 
71-74 3.65 0.047 0.21 0.47 0.17 o.16 0.020 C 
74-80 3.79 0.053 0.21 0.49 0.18 0.15 o.o18 N 
8o-86 4.56 0.041 0.24 0.30 o.16 0.11 0.008 C 
86-98 3.37 0.049 0.20 0.58 0.18 0.19 0.070 N 
98-103 3.57 0.057 0.20 0.60 0.18 0.15. 0.022 N 
L = Litho1o,' N = Normal anoxic sediment 
C = Coarse anoxic sediment 
G = Grey clay 
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suggesting a low clay content. There is no enrichment of Mg in 
the sholly horizons, in fact they have lower than average 1490fAl203 
ratios. 
The only marked deviations from the mean Ti0 2/A1203 ratio 
(0.059) occur in Dolstadfjord sediwents where the values vary 
betheen 0.040 and 0.079 and are invariably. low in the coare-grained 
sediment horIzons (Table 6.4). The latter implies either an 
association oI,Ti with clay minerals or a relative preponderance of 
Al over Ti in the coarse horizons. In the former instance this 
relationship has been attributed to the deposition of very finely 
divided, amorphous or crystalline Ti02 alog with clay minerals 
(Goldschmidt, 1954; Degens, 1965). The principal K-bearing 
minerals are alkali feldepars and il].ite, and therefore it is not 
surprising that the K20/A1203 ratio varies little with depth inaay 
of the cores relatIve to the 1 ,190/A1203, Ti02/A1203 and Si02/A1203 
ratios (Table, 6.4). The similar geochemical character of the sedi- 
Li 	
ments from different fjords, as indicated by NgO/Al 203 , Ti02/A1203 nt1 
K20/A1203 ratios (Pable 6.3), suggests that the sediment source 
material also has a uniform composition although it is apparently not 
akin to the gneissic rock from the area around Bruvik. 
b) Calcium an& C0 
The major Ca-bearing silicate minerals are the plagioclase 
foldepars although clay minerals and amphiboles will also contribute 
significant amounts. of the element. Despite this, in most of the 
sediments there is a negative correlation between Ca and Al, and 
a strong positive correlation between Ca and CO2 (Fig. 6.4) which 
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reflect the abundance of shell material and its diluting effect on 
the lithogenous fraction. The variation in CaO/Al 203 ratios of 
sediments from the various fjords' (Table 6.3) illustrates the bc-
ation of the most shelby sediments. As there is no observable shell 
material (bivalves) in Bolstadfjord sediments, the CaO/A1 203 ratio 
(0.18) is probably roughly that contained in the lithogenous fraction 
and is similar to the value (0.15) of 'Oslofjord sediments (Doff,' 
1970). The CaO/CO2 ratio of the shell material is "1.3 (Fig. 6.4) 
compared with a weight percent ratio of 1.27 for pure CaCO 3 . 
Anomalous CO2 concentrations exist in soo horizons of cores Bo 2, 
Bo 2A and Bo 6 (Fig. 6.4) and are disc.usued on page 53 
o) Iron and manganese 
Fe, LIn and flg we closely interrelated in the sediments re-
fbecting their associat±on with ferromagnesian silicates such as 
chlorite. The correlation of Fe and 1mn with Al is less well defined. 
A proportion of the Fe and Mn is likely to occur as non-silicates in 
most sediments and both elements are probably affected by diagenesis 
during sediment burial. In the case of Fe such changes are largely 
obscured by lithological variation because of the high content of the 
element in the lithogenous fraction of the sediment. Hence small 
variations in Fe203/A1203 ratios (Tables 6.3 and 6.4) are as much 
a function of litholor as of diagenesis. In contrast diagenesis of 
Ian, as denoted. by vertical changes in NnO/A1 203 ratios, is well 
marked. The sediments that do not contain any apparent non-silicate 
DJn have a rano/Al203 ratio varying between 0.002 and 0.0 12 which is 
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Two sediment cores (Mo 44 and Mo 45) of the five collected in 
Osterfjord are considerably enrióhed in Mn and correspond to those 
having reddish—brown surfaces. This coloured layer was disturbed 
during sampling in both instances which explains why the Mn enrich-
ment is not restricted to the surface sediments (0-2cm) (see 
Appendix D). There is no significant difference between the Fe 203/ 
Al 203 
 ratios of these sediments (Mo 44 and No 5) and any others 
analysed, even from anoxic environments. It is thought likely how-
ever that the reddish—brown surface layer is due to the presence of 
saall quantities of Fe(III) hydrated oxides in addition to those of 
Mn(IV) as is known in sediments from similar environments (e.g. 
Gorham and Swaine, 1965; Doff, 1970), Cores No 44 and No 45 are 
located in a deep baiin of Osterfjord (."440m) while cores No 22, 
No 23 and Mo 42 are from a shallower shelf area to the north ("220m) 
and show no Mn enrichment or reddish—brown surface colouration. 
A similar relationship between bathymetry and oxide surface layers 
has been observed in Oslofjord (Doff, 1970) and Loch Fyne, Scotland 
(Culvert and Price, 1970). Doff (op. cit.) suggests that this may 
be due to a lack of water movement and a slower rate of deposition in 
the deeper parts of basins. Evidence from the particulate matter 
study shows considerable resuspension of bottom sediment in the shelf 
area of Osterfjord. (see station No 23; p. 36) inferring the presence 
of significant bottom currents there. Unfortunately no evidence in 
this context exists for the deep basin. 
Anoxic sediments from the outer and irniddle basins of Bolstadfjord 
(Bo 2, Bo 2A andBo 6) have high and variable Mn contents and 
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IIzi0/Al2O3  ratios (Tables 6.2. and 6.3). Here Lin appears to be related 
to CO2, particularly in core Bo 6 (Fig. 6 .5), suggesting the existence 
of a Ila carbànate. It is reasonable to assume that nearly all of this 
CO2  is chemically related to Nn since the sediments in Bolstadfjord 
(Bo 1 and Bo iA) not containing any non-silicate L2n have a very low 
CO2  content (maximum Of 0.30%). In core Bo 6 (Fig. 6.5) 
MnO/L CO2  corresponds to a theoretical composition of (rJn087 
x023 )co3 .'Fincarbonates are known to obcur in a variety of environ-
ments including otherfjord sediments. The variaton in their 
chemical composition is demonstrated in Table 6.5; it is noticeable 
that the carbonate in core Bo 6 is relatively Lin-rich and that Ca, 
for the most part, corresponds to X in the above formula. Positive 
relationships for IIn and CO2  contents and those of Ca do exist in 
this core although CaO/A1 203  ratios do not ahow similar trends 
(Table 6.6). This may be due to a variation of the Ca held relative 
to 'Al inaluminiuin-.siljcates since the litholoi of the sediments in 
Bolstadfjord 	S so heterogeneous (p. 46). 
d) Sulphur, phosphorus, and organic C 
The anozic sediments exhibit higher (0.34-3.01% s) and more 
variable S concentrations compared with the oxic sediments of Cater-
fjord (0.07-0.28% s). In the'latter,S is probably associated mainly 
with the detrital fraction although its concentration does increase 
slightly with depth, and suggests that an additional source of S may 
exist. Certainly the high S concentrations in the anoxic sediments 
are due to the fixation of the element in a variety of forms other 
than detrita]. material. For example pyrite is seen in the X-ray 
1.2 
• 	.1.oc 






MnO-0O2  relationship in cores Bo 2 and 2A W,and.Bo6 (x) 
I-LU 	1.5 	1.50 • 	1.75 	2.00 
0/ MnO 
TABLE 6.5 
Chemical composition of Mn—rich carbonates 
in Recent sediments 
Location 
Composition and reference 
Fexu Trench MnCO3 
(Zen, 	1959) 
Baltic Sea (Mn70 Ca30)CO3 to 
(Manheim, 	1961) 
(Mn60 Ca32 Mg8 )CO3 
Baltic Sea 
(Hartmann, 	1964) 
(Mn 	Ca2 	Mg 	Fe8 0 )CO 
56 . 5.5 9.7 . 	3 
Lake Pinnus—Yarvi, Karelia 
(Nn0 6 'a45-3  Fe4 0 )CO3 
to 
(Shterenberg et al., 	1966) 
C 	F 	'CO 
' p34.2 
a289 	e 371) 	3 
Loch Fyne, Scotland (Mn47 7.Ca4 	
1 
 Mg7 2 )CO3 
• 	(Calvert and Price, 	1970) 	• 
Bunnefjord, Norway (Mnç0 Caç0 )CO3 
• 	(Doff, 	1970) 	 • 
Bolstadfjord, Norway Mn87 X23 )c0 3 
• (this study) 	• • 
Vertical distributions of MnO CO2 , CaO 
and Ca0/A10 in core Bo 6 
Depth Lithology MnO CO2 CaO CaO 
(m) % wt. % wt. A1 2 0 
0-2. N 1.34 0.85 2.56 0.19 
2-4 N 0.63 0.48 2.48 0.18 
4-6 N 0.56 0.56 2.40. 0.17 
6-8 N 0.81 0.40 2.69 0.19 
8-10 N 0.18 0.11 2.92 0.20 
10-17 N 0.53 0.31 2.64 0.19 
17-23 N 0.49 0.31 2.59 0.17 
23-35 N 1.59 1.16 2.88 0.20 
35-38 G 0.38 0.34 2.16 0.13 
38-51 N 1.93 1.27 2.87 0.20 
51-57 N 0.23 0.15 2.61 0.20 
57-65 N 0.24 0.15 2.47 0.18 
65-71 N 0.67 0.34 2.58 0.19 
71-74 C 0.30 0.00 2.54 0.17 
74-80 N 0.26 0.23 2.55 o.18 
80-86 C 0.11 0.04 2.40 o.16 
86-98 N 1.03 0.80 2.66 0.18 
98-103 N 0.31 0.26 2.52 o.18 
N 	normal, anoxic sediment 
G organic-poor, homogeneous grey clay 
C 	organic-poor, coarse sediment 
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diffractograms of anozic sediments (p.  47) and is likely to have 
formed in situ. These sediments are intensely black in colour 
suggesting that non—etoichiometric iron suiphides (hydrotroilite) 
are also present (p. 86). While total Fe in the anoxic sediments 
appears to be correlated with S this does not necessarily reflect 
their association in Fe(II) sulpkides but more likely illustrates 
that sediments having a high clay content, and hence a high Fe con-
tent relative to one of Al, contain the greatest amount of authi-
genic suiphide. Kaplan et al. (1963) show that in addition to 
pyrite and bydrotroilite, S can occur as elemental B, organic S 
and free suiphide in sediments. 
Two major sources of organic matter are likely to contribute 
towards the organic C content of the sediments; they are runoff 
(terrestrial origin) and in situ productivity (marine origin). 
Organic C concentrations in the sediments range from 0.38% to 
9.32%. It is difficult to obtain a true estimate of the total 
organic matter content because of differences in composition between 
the two types present. Organic C invariably comprises a large pro-
portion of the sediments in Mofjord and in the surface 50cm in 
olviksfjord, a highly variable proportion in Bolstadfjord sediments, 
and a low proportion in Osterfjord sediments. In other words the 
oxic sediments generally have a lower organic C content than the 
anoxic sediments (Table 6.2). There is also a very high correlation 
between organic C and S in the sediments as a whole (see Appendix D). 
The reason for this relationship is not as obvious as it may at first 
appear. Richards (19 65) noted that as a consequence of lowered 
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redox potentials, greater amounts of organic matter tend to be laid 
down under anoxic rather than under oxic conditions implying there 
is a chemical explanation for the observed relationship between S and 
organic C. However, it is known from a study of the Santa Barbara 
Basin (Sholkovitz, 1973) that sediments in which considerable sul-. 
phate reduction occurs can have a low organic C content (2-2.5%) 
which is similar to that in sediments where there is little or no 
sulphate reduction. In addition oxic Oslofjord sediments have organic 
C concentrations of up to nearly 5% while those that are anoxic have 
as little as 1% organic C (Doff, 1970; the use of 'oxic' and 'anoxic' 
here is similar to that in the present study). The evidence 
suggests that any covariance between organic C and S in sediments 
reflects a lithological association rather than a chemical one (see 
also Fe and S); certainly this appears to be true for the sediments 
from the Bergen area. For example the lowest S (o. 34%) and organic 
C (0.38%) concentrations in the anoxic sediments occur in the coarse 
and light grey clay horizons of Boletadfjord. This is probably due 
to the rapid deposition of these horizons (p.  47) and hence to the 
dilution of organic matter by inorganic detritus. 
Except in those sediments from Bolstadfjord (e.g. core Bo 2) 
P concentrations are relatively constant (0.15-0.35% P205)  and show 
no obvious correlation with any other element. There is no sig- 
nificant difference in P content between the oxic and anoxic sediments 
(Table 6.2). Hence P is probably partitioned between the lithogenous 
and organic matter fractions of the sediments. 
The sediments of Bolstadfjord have exceptionally high P 
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concentrations (maximum of 0.66% P205) and an organic C—P relation-
ship exists within them (Fig. 6.6). The observed Aorganic Cf 
P value is "-76 and the intercept on the P axis is similar to the 
average P content in sediments from the other fjords. As the 
organic matter mainly comprises planktonic material (average c/p 
ratio of-4O) and terrestrial plant material (average c/p ratio 
"200; see Bowen, 1966), it is reasonable that the Aorganic C/ AP 
value in the sediments should lie somewhere between these two ratios 
although this relationship is complicated by diagenetic processes 
(p. 28). Since there is no evidence to suggest the presence of an 
authigenic P phase (no covariance between P and Ca or Fe, the two 
cations most likely to be associated with P), it is probable that the 
high P concentrations are due to exceptional amounts of organically-
bound P. Why organically—bound P should be preferentially retained 
in Bolstadfjord sediments is not known. It may be associated with 
differences in sedimentation rates which are probably much greater in 
Bolatadfjord than elsewhere (p.  46). Alternatively variation in the 
diagenetic behaviour of organic matter in sediments from different 
environments may account for this feature. 
.5 Trace Blernent Geochemistry 
The mean and range of trace element contents in all sediments 
analysed and in sediments of different litholoy are shown in Tables 
6.7 and 6.8 respectively. In all instances the values lie within 
the range of concentrations previously reported for comparable sediments. 
N 
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TABLE 6.7 
Trace element concentrations 
in the fjord and comparable sediments (ppm) 
1 2 3 4 5 6 




2 17-62 9 2000 ? 
101 346 60 95 82 100-1000 
Zn 41-174 .48-180 10000 
23 66 45 45 45 20-300 
Cu 6-36 30-120 1000 
35 .104 . 	 - 20 - 20-400 
Pb 13-129 700 
32 7 - 3 26 10-300 
Mo 
. 0-119 . . 	 . . 4-67 1000 
31 55 40 68 26 20-300 
Ni 15-48 19-34 2400 
110 159 80 140 - 450 ? 
Rb 
78-170 . 
.14. 28 - 18 - 1? 
Nb 
6-21 . 
204 203 450 160 77 10-20 ? 
Zr 
116-368 . . 49-120 
43 	38 	30 	41 	. 	21 
27-56 . 	 . 	.14-31 	. 
174 samples - this study (average and range) 	. 
Median of 114 surface sediments, Oslo Fjord (Doff, 1970) 
Average greywacke (Wedepohl, 1968) 
Average shale (wedepohl, 1968) 
Average and range of 10 sediments from Saanich Inlet (Gross, 1967) 
Range and maximum concentrations for black shales 
(Krauskopf, 1955) 
TABLE 6.8 
• Trace element concentrations 
in the main lithologies (ppm) 
1 2 3 4 5 
• 362 333 294 382 467 
Sr 
336-431 2 53-422 217-42 1 2 48-44 2 325-629 
129 96 88 108 90 
Zn 
1 05-16 9 41-174 41-119 71-172 49-159 
24 23 20 26 22 
Cu 
13-33 7-36 6-33 9-36 12-32 
41 35 	- 24 38 26 
Fb 
20-7 2 13-129 16-33 19-81 14-88 
9 37 8 30 48 
Mo 
0-13 3-72 1-20 • 	 6-54 18-119 
34 28 37 36 26 
Ni 26-41 16-41 15-47 27-48 16-34 
142 105 125 108 94 
Rb 122-155 85-168 87-169 94-170 78-117 
16 15 	• . 	 14 .13 • 	 13 
Nb 9-21 • 	 9-21 11-19 9-18 • 6-18 
183 217 224 203 179 
Zr 161-207 116-368 164-269 163-292 136-264 
44 44 44 45 . 39. 
38-53 • 	 33-56 27-56 39-53 29-48 
• 	1. Oxic sediments (21 samples) 	: 
2. Normal anoxic sediments (76 samples) 
• 	3. Organic-poor anoxic sediments (11 samples) 
• 4. Mn-rich anoxic sediments (37 samples) . 
• • 	5. Shelly an9xic sediments (29 samples) 
57. 
a) Trace elements dominantly associated with the lithogenous 
fraction of the sediments 
Rb shows a strong correlation with K (Fig. 6.7) reflecting 
a close geochemical association (Goldscbmidt, 1954). The range of 
K/Rb ratios is 166-274 (mean = 216) which falls within or slightly 
above the limits suggested by Heier and Adams (1964) for ehales. 
The relatively high values may be due to the abundance of K—feldepare, 
which have a higher K/Rb ratio relative to co—existing micae (Heier 
and Adams, op. cite; Lange at al., 1966), and to a lack of 
weathering of the d.etrital material (Heier and Billings, 1970) as 
indicated byihewell..crystallised nature of the illite. There is 
as much variation in K/Rb ratios within one basin and even within 
a core with depth as there is between fjords, supporting the 
suggestion that the source material of the sediments is geochemically 
uniform. 
Zr is usually held in sediments largely as detrital zircon 
(Degenhardt, 1957). and the presence of this mineral is indicated with-
in the sediments of the area as Zr correlates more highly with Si 
than any other element. Furthermore zircon occurs as a common 
accessory mineral of the area draining into the fjords (Kolderup 
and Kolderiip, 1940). Zr also appears to correlate significantly 
with Ti, Al andY in the sediments which may be due to the fact that 
Zr4 is known to substitute for T& in minerals (Taylor, 1965) and 
for 	in clays (Degenhardt, 1957). The Zr/Al203 ratio has been 
used as an indicator of the heavy mineral content of a sediment 
(wright, 1972) and the Zr/Rb ratio as a possible marginal facies 
indicator (Nicholls, 1958). In general the sediments from areas 
K2 0 - Rb relationship in° the sediments 
Fig. 6.7 







close to sources of runoff do have the highest Zr/Rb and Zr/A1 203 
ratios. For instance the sediments in core No 10 9 situated near 
the mouth of the River Moelv, have the highest ratios while the 
Osterfjord sediments (cores Mo 22, No 23, NO 42, Mo 44 and Mo 45) 
have the lowest (Table 6.9). In core Mo 10 the two ratios tend to 
increase at depth, and in core Mo 34(2)S they decrease abruptly below 
-'45cm implying that significant long-term changes in litholô&y and 
hence in conditions of sedimentation may have'occurred (p. 67). 
In all other cores however the ratios show no overall trends with 
depth suggesting that there' has been little long-term variation in 
conditions of sedimentation at these locations. On the other hand 
the short-term fluctuations in sedimentation in Boletadfjord, as 
denoted by rapid and obvious changes in litholoy (p.  46), may be 
seen in changes in Zr/Rb and Zr/A1 203 ratios (Table 6.9) although 
these do not always conform to the pattern that coaree-grained sedi-
ments necessarily have high Zr/Rb and Zr/A1 203 ratios (Doff, 1970). 
Y and Nb appear to be associated mainly with silicate minerals 
but their distributions neither indicate clearly which silicates nor 
help in any interpretation of the data. Despite the fact that Ni is 
greatly enriched in 'black ahalee' (Table 6.7), there is no sig-
nificant difference between the Ni contents in the oxic and anoxic 
sediments (Table 6.8). In fact Ni concentrations in the sediments 
as a whole are below those of the average shale (Table 6.7). Ni 
correlates well with Fe, Mg, Mn and Cu, and less so with K, Ti, A1, 
F, Zn,Rb and Y indicating that the element is associated primarily 
with ferromagnesian minerals (Taylor, 1965). 
TABLE 6.9 
k/Rb and Zr/A1203 ratios in sediments from the various basins 
Core Zr 
X 104 Depth Zr Zr 	4 0 
Core Depth 	Litho1oy 
(m) Rb A1203 
x (m) Rb A1203 
No 10 0-5 2.5 18 Mo 45 0-2 1.4 14 
5-10 3.1 24 2-4 1.0 12 
10-15 3.0 22 4-6 1.1 12. 
15-20 3.3 25 6-8 1.1 12 
20-25 3.7 28 8-10 1.1 12 
25-30 3.4 25 
30-35 3.7 28 
35-41.5 	3.7 26 Bo 	1 0-1.5 N 1.9 14 
1.5-3.5 N 1.9 14 
3.5-5.5 N 2.0 14 
No 7(2)S 0-10 1.8 15 	 . 5.5-9 C 2.2 16 
10-20 2.1 18 9-15 N 2.1 . 	14 
20-30 2.3 19 15-20 N 2.2 16 
30-40 1.7 17 20-22 0 3.1 20 
40-50 1.8 18 - 22-30 N 2.2 15 
50-60 2.0 17 30-40.5 N 2.2 16 
60-70 2.1 20 40.5-45 0 1.8 j4 
70-80 1.8 17 45-53.5 0 1.7 14 
80-90 1.9 16 53.5-60 N 2.3 16 
90-100 1.6 14 60-71 N 2.2 15 
100-110 1.7 15 71-81 N 2.3 16 
110-130 1.7 15 81-90 N 2.6 17 
90-93 0 3.0 . 	19 
93-100 N 2.1 15 
Mo 34(2)S 0-10 - 	1.8 	. 16 100-105 N 2.5 15 
10-20 1.8 16 105-106 C 1.8 12 
20-30 1.9 15 106-120 N 2.4 17 
30-40 1.6 15 
40-50 1.5 16 
50-6o 0.7 8 
60-70 0.8 9 
70-80 0.9 10 
Mo 23 0-5 1.6 15 Bo 	6 .0-2 N .1.9 14 
5-10 1.6 14 2-4 N 2.0 15 
4-6 N 1.9 14 
6-8 N 2.0 15 
Mo 22 0-2 1.2 12 8-10 N 2.2 16 
2-4 1.4 15 10-17 N 1.9 14 
4-6 1.3 13 . 17-23 N 1.8 13 
6-8 1.3 14 23-35 N 1.6 . 	13 
8-10 . 	1.2 12 35-38 0 1.4 12 
10-12 1.3 13 38-51 N 1.7 . 	13 
12-14 1.2 14 51-57 N 1..8 13 
57-65 . N 1.7 12 
65-71 N 1.6 12 
Mo 42 0-2 . 1.4 14 . 71-74 C 	. 1.5 12 
2-4 1.5 15 74-80 N 1.8 13 
4-6 1.5 13 . 80-86 C 1.5 12 
6-8 1.3 13 	. 86-98 N 1.6 13 
95-103 N 1.8 13 
Mo44 0-5 1.4 13 . . . 
5-10 1.2 12 
Average shale* 1.1 10 
Average greywacke* 5.6 33 
N normal, anoxic sediment  
0 organic-poor, homogeneous grey clay 
C organic-poor, course sediment . 
* data from Wedepohl (1968)  
59. 
b) Trace elements that are significantly associated with 
non-lithoenou.s constituents of the sediments 
The average Sr content of the sediments is high relative to that 
in sediments of comparable litholor (Table 6.7) and the highest Sr 
concentrations coincide with the most shelly sediments (Table 6.8). 
The element correlates positively only with Ca and CO2 while a neg-
ative correlation exists between it and most lithogenous elements. 
This reflects the concentration of Sr in shells and their diluting 
effect on other constituents of the sediments. The Ma/ ASr value 
of the shell material equals 176 (Fig. 6.8) which falls within the 
range of values reported for biogenic aragonite (Goldschmidt, 1954). 
The negligible covariance between Ca and Sr in non-shelly sediments 
(Fig. 6.8) is not surprising as Sr + substitutes for K+  more readily 
than for Ca2  in feldspars (Taylor, 1965). Sr may also be held in 
clay minerals (Chester, 1965). Where carbonate is absent, as in 
Bolstadfjord sediments, Sr/Rb and  Sr/Al203 ratios show some variations 
that reflect changes in litholoy. For example the coarse and light 
grey clay horizons often have abnormal but unpredictable ratios as 
with the Zr/Rb and Zr/A1203 ratios. 
While Cu and Zn correlate with elements indicating that a large 
proportion of them exists in ferromagnesian minerals particularly in 
sub-surface sediments ('iOcm), a substantial amount of the two elements 
also appears to occur as non-lithogenous phases. The same is true 
for Pb although it is associated more probably with feldepars and 
micaceous minerals (illite) in the lithogenous fraction (Taylor, 1965). 
Cu, Zn and Pb are also all likely to be adsorbed by clay minerals 
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(Chester, 1965). The nature of the non-lithogenous fractions 
of these elements will be discussed in some detail. 
Surface maxima of Zn and Pb occur in every core except No 10, 
a coarse-grained sediment containing much terrestrial plant debris 
and located close to the mouth of the River LIoelv (Fig. 6.1). 
The maximum surface concentrations of Zn and Pb are 174ppm and 
129ppm respectively, which is equivalent to an enrichment factor of 
about threefold over sub-surface values. Similar surface enrich-
merits of Cu and to some extent Ni and No are present in some cores, 
but these are much smaller both in relation to sub-surface concentra-
tions and in absolute terms,and are often not the highest concentra-
tions within any one core. All the surface maxima usually corres-
pond to high mBtal/A1 203 ratios and sometimes also to high metal/ 
organic C and metal/S ratios compared to sub-surface sediments (Figs. 
6 .9-12 and Table 6.10). High metal/S and metal/organic C ratios 
occur in sub-surface sediments as well,but here they are usually the 
result of low S and organic C concentrations rather than of high 
metal concentrations. Within the surface sediments there is no 
obvious correlation between the metals and organic C, S or even Al. 
Furthermore no significant differences in the concentrations of Zn, 
Cu and Pb or in their ratios against Al203 occur between the oxic and 
anoxic sediments (Tables 6.8 and 6.10). Lbetal. contents relative to 
those of S and organic C are significantly higher in Osterfjord 
sediments (oxic) as they have relatively low S and organic C 
concentrations. 
The distributions of Pb, Zn and Cu in sub-surface sediments 
• 	 Fig.6.9 
Comparison of verticaL distributions of Ni, Zn, Pb. Cu 
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Comparison of the vertical distributions of Zn.,Pb, Cu, Mo 
and Ni with those of A1 203 , organic C and S in core Bo 1 
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Comparison of the vertical distributions of Zn, Pb, Cu, Ni 
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TABLE 6,10 
Some element/A10, element/organic C, and element/S ratios in the sediments 
Core 	Depth 	. Zn Pb Cu Ni Zn Pb Cu Zn Pb Cu Mo 
(rn) .Al 2 0 
3 
Al 2 0 
3 
Al20 Al20 organic organic organic S S S S 
C C C 
Anoxic sediments . 
Bo 	1 . 	0-1.5 10.7 5.7 2.6 2.8 21 11.1 5.1 . 	 91 48 22 20 
.1.5-3.5 8.1 4.0 .2.1 2.6 15 7.5 3.9 77 38 20 1.6 
3.5-5.5 	. 7.4 2.9 1.8 2.4 . 	 17 6.7 4.2 81 32 20 14 
5.5-9 5.9. 2.4 1.0 1.9 21 8.4 3.5 82 34 14 15 
9-15 7.3 2.7 2.4 2.6 13 4.6 4.1 55 20 18 15 
15-20 6.1 2.1 1.6 2.3 •20 7.0 5.3 63 22 17 13 
20-22 	. 5.0 1.6 . 	 1.6 2.3 69 22.4 22.4 . 136 44 44 2 
22-30 .5.8 2.1 1.5 2.3 . 	 17 6.1 4.5 56 20 15 10 
30-40.5 6.6 2.0 1.6 2.3 	. 29 8.7 6.9 71 22 17 11 
40.5-45 5.8 1.6 1.2 2.6 100 27.7 20.2 184 51 37 14 
45-53.5 6.2. 1.2 0.8 2.4 226 43.5 30.4 306 59 41 6 
53.5-60 6.5 1.0 1.4 2.4 22 3.3 4.8 	. 60 9 13 18 
60-71 5.8 1.7 1.5 • 2.1 19 5.6 4.9 51 15 . 	 13 17, 
71-81 6.2 1.8 1.6 	. 2.4 27 7.5 6.6 70 20 18 16 
81-90 6.3 1.6 1.6 2.4 30 7.5 7.2 '64 16 16 13 
90-93 4.6 1.1 1.1 1.9 168 42.1 39.5 168 42 39 8 
93-100 .7.0 1.5 2.1 2.4 20 4.2 .6.0 47 10 14 15 
100-105 5.1 2.1 .0.5 1.8 '. 	14 .8 1.4 52. 21 5 14 
105-106 . 	 3.0 2.4 .0.8 1.1 35 28.4 9.5 72 58 ' 	 19 18 
106-120 	
: 1.5 1.4 '2.3 24 6.1 5.8 . 	 55 14 13 16  
Table 6.10 continued 
Gore 	Depth Mo Zn Pb Cu Ni Zn Pb Cu Zn Pb Cu 
(m) Al203 A1 203 A1 203 A1 20 3 . organic organic organic S S S S. 
C C. 
BO 6 	0-2 12.6 5.0 2.4 3.1 25 10.0 4.8 124 50 24 31 
2-4 12.2 6.0 2.4 2.5 25 12.4 4.9 102 50 20 28 
4-6 10.4 5.6 2.2 2.6 21 11.3 4.3 72 39 15 24 
6-8 8.9 4.8 2.1 2.6 	. 23 . 	 12.6 5.5 86 46 20 24 
8-10 5.3 2.5 0.7 2.3 26 12.3 3.3 133 64 17 22 
10-17 7.6 3.5 2.0 2.6 . 	 16 	.. 7.5 4.3 63 .29 17 17 
.17-23 7.1 2.6 2.0 2.7 23 8.6 6.4 89 33 25 20 
23-35 6.9 2.5 1.8 2.8 17 6.1 4.4 47 17 12 17 
35-38 ., 	6.9 1.3 1.5 2.7 52 9.6 . 	 1.1.4 151 28 33 25 
38-51 	. 7.4 1.3 1.7 2.7 22 3.9 5.0. 43 8 10 19 
51-57 . 5.3 2.1 0.7 2.0 .. 	 . 	 10 4.1 	. 1.3 	. 	. 54. 21 7 15 
57-65 5.9 2.0 	. 1.0 	. 2.3 14 . 	 5.0 . 	 2.3 54 19 . 17 
65-71 7.3 2.0 1.8 . 	 2.8 16 4.5 4.0 .46 13 12 18 
71-74 	. 5.8 . 1.5 1.3 2.1 22 5.5 4.8 60 15 	. 13 16 
74-80 6.1. 2.0 1.5 2.3 22 7.2 5.5 56 18 14. 15 
80-86 	. .4.6 :1.4 0.4 2.0. . 	 77 	.. 24.1 6. 134 	. 42 12 18 
86-98 	. 7.6 2.0 1.4 2.8 	. . 	 24 6.1 4.4 46. 12 13 
98-103 7.6 2.3 2.0 2.5 . 19 5.6 . 	 4•9 44 13 12 .13 
Mo 7(2)S 	0-10 12.5 7.9 2.6 2.5 18 11.2 3.6 44 28 9 20 
10-20 8.1 3.5 1.6 	. 2.3 . 	 18 	. . 	 7.6 . 	 3.4 51 22 10 27 
20-30 8.1 2.7 . 	 2.0 2.3 	. 17 5.7 4.1 40 . 	 13 10 28 
3040 9.1 2.8 2.3 2.4 	. 18 5.5 4.4 47 14 12 26 
40-50 8.0 .2.3 1.8 2.2 21 . 	 5.9. 4.7 49. 14 11 27 
50-60 7.6 2.5 1.6 2.3 31 10.1 6.6 51 17 . 	 ii, 28 , 
60-70 .7.5 	. 1.8 1.3 2.1 	. 20 4.8 3.5 43. 10 26 
70-80 7.5 2.1 1.7 .2.0 . 	 . 	 52 14.6 11.6 '78 22 43. 
8o-90 7.1 2.3 1.7 2.0 . 	 27 9.0 6.4 	. 50 16 12 32 
0--100 . 	 7.3 1.3 	' 1.5 2.0 31 .5.5 6.2 48 .9 10 24 
100-ho 77 .1.6 	. . 	'1.5 2.1 27 5.6 	. 53 . 	 49. . 	 10 10 '31 
110-130 . 	 8.4 1.7 ' 	 2.1 2.4 19 3.8 4.7 40 . 	 8 10 23  
Table 6.10 continued 
Core Depth Zn Pb Cu Ni Zn Pb Cu Zn Pb Cu Mo 
(m) A1 2 03 A1203 71203 A1 2 0 3 organic organic organic S S S S 
C C 
Mo 26 0-5 14.2 9.0 3.1 3.0 16 10.2 3.5 143 . 	 91 31 27 
5-10 5.9 3.1 1.4 2.0 11 5.8 2.5 97 51 22 27 
10-15. 9.0 4.0 2.3 2.6 13 5.8 3.4 85 37 21 30 
15-20 9.0 2.5 2.4 2.5 16 4.3 4.1 89 25 . 	 24 25 
20-25 8.4 2.5 2.3 2.8 14 4.1 3.7 74 22 20 26 
25-30 8.0 . 	3.2 2.3 2.5 15 5.9 4.2 77 31 22 21 
30-35 6.6 2.1 1.6 2.2. 16 5.1 4.0 68 21 17 23 
35-40 8.3 2.0 2.2 2.6 16 3.9 4.2 75 18 20 25. 
.40-45 •9.2 2.1 2.3 3.1 16 3.7 4.1 63 14 15 23 
45-50 11.3 2.7 2.9 3.5 15 3.6 3.9 68 16 18 20 
50-55 8.7 2.0 2.1 2.5 23 5.3 5.6 77 18 19 19 
55-60 9.6 1.6 2.3 .2.5 26 4.3 6.0 89 15 21 20 
60-65 7.7 1.8 2.0 2.4 23 5.6 6.2 88 21 23 24 
65-70 4.7 1.4 1.2 1.8 2.4 7.3 6.3 52 15 13 23 	. 
70-75 . 	 7.3 1.9 2.0 2.5 16 4.1 . 	4.3 46 12 12 22 = 
Mo 34 . 	 0-3 15.2 5.6 . 3.0 3.2 29 10.7 5.6 73 27 14 43 
3-6 9.7 2.6 1.6 2.1 25 	. 6.6 4.0 67 18 11 34 
6-8 8.4 1.8 2.4 3.4 14 2.9 3.9 39 8 11 38 	. 	. 
Mo 10 . 0-5 5.2 3.3 1.2 1.8 13 8.4 3.1 149 96 35 59 
5-10 5.2 3.0 1.2 1.6 16 9.6 3.7 134 78 30 40 
• 	 • . 
• 	 10-15 5.6 3.7 1.0 1.5 • 	 23 14.8 3.9 250 163 43 40 
• 1 5-20 6.0 4.5 1.1 1.6 16 12.2 3.0 135 102 25 28 	• 
• 	 • 	 • • 	 20-25 	•. 4.5 2.9 1.1 	• 1.5 15 	• • 	 9.5 3.5 112 • 	 73 27 31 	• 
• 	 • 	
• 25-30 	• 3.8 2.3 .0.9 1.4. 20 12.0 4.8 79 48 19 .25 
• 30-35 3.5 2.2 0.6 1.4 15 9.5 2.4 . 	 63 39 10 40 
• 3541.5 3.1 2.2 0.6 . 	 1.2 16 11.0 3.0 66 47 : 	 13 44 
Table 6.10 continued 
Core 	Depth Zn Pb Cu Ni •Zn Pb Cu Zn Pb Cu Mo 
(m) A1 20 A1 20 Al2 0. Al 20 organic organic organic S 
C C C 
Oxic sediments 
Mo 22 	0-2 1o.6 4.5 2.1 2.4 50 22 10 18.13 775 350 150 
2-4 10.1 4.0 2.0 2.3 48 19 9 1500 589 289 122 
4-6 8.9 3.5 1.6 2.2 45 18 8 946 369 169 46 
6-8 8.3 2.0 1.5 2.2 46 11 9 595 145 110 30 
.8-10 8.0 2.2 1.3 2.1 54 15 9 688 188 112 47 
10-12 8.8 2.1 1.7 2.4 57 14 11 439 107 86 36 
12-14 9.1 2.2 1.8 2.4 59 15 12 610 150 120 55 
Mo 42 	0-2 10.0 3.6 1.8 2.4 69 25 12 1957 700 343 100 
2-4 8.5 3.5 1.6 2.2 51 21 9 1200 490 220 110 
4-6 7.6 1.6 1.3 2.2 . 	 63 13 11 514 109 91 164 
6-8 7.9 1.8 	. 1.6 2.2.. 69 16 14. 450 104 88 46 
8-10 8.0 1.4 1.3. 2.2 68 12 11 460 . 	 80 76 44 
All ratios have been multiplied by 10 4. 
61. 
(Fig. 6.9-12) suggest that here the metals are not dominantly 
associated with either lithogenous matter, organic matter or eul-
phides. However the cause of the surface enrichments can be more 
closely pinpointed by careful examination of each of the possibilities. 
The presence or absence of Lln and Fe oxides in sediments of Oster-
fjord (p. 52) does not seem to influence the content of the trace 
metals. In addition the surface enrichments in the sediments from 
the inner baajn of Bolstadfjord (Bo 1 and Be 1A), where part of the 
water column is anoxic and hence where no oxides reach the sediment 
surface (p. 75), are just as great as elsewhere. Therefore it 
appears improbable that the high trace metal contents of the surface 
sediments are due to coprecipitation or adsorption by Fe(III) and 
rIn(Iv) oxid.ea. Coprecipitation or adsorption by sulphid.es is 
equally unlikely to be the main cause since surface enrichments occur 
irrespective of whether the sediments are oxic or anoxic and the 
metals would have to be almOst totally excluded from the suiphides 
with burial inorder to explain their rapid decrease with depth in the 
sediments. Thus only two likely explanations of the surface trace 
metal enrichments exist; they are a recent increase in the rate of 
deposition of the metals through pollution and/or a natural recycling 
process involving the deposition and burial of organically bound 
metals followed by their release during decomposition of the organic 
matter. The area has no likely source of metal pollution and there 
is no evidence of unusual concentrations of dissolved heavy metals in 
either the surface fjord waters or in rivers supplying the fjords 
(Appeniix I)). Therefore a natural recycling process of organically- 
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bound metals appears to be the most probable cause although its 
effect may be exaggerated by pollution. Doff (1970) observed 
a similar but greater heavy metal enrichment (Zn, Pb and Cu) in 
sediments of Oelofjord where it is probable that some heavy metal 
pollution does occur. In this instance the metal contents correlate 
with those of organic C in both oxic and anoxic surface sediments. 
The absence of such a correlation in the sediments examined in the 
present study may be due to the variability in composition of the 
organic matter (p. 54) and to a corresponding variation in its 
sorption capacity. For example the absence of any surface metal 
enrichment in core I)Io 10 may be explained by a predominance of 
terrestrial organic matter. Since the metal/organic C ratios 
decrease with deptii in many instances (see Table 6.10), it follows 
that the fraction of the organic matter holding much of the metals is 
altered more rapidly or to a greater extent than the main mass of 
organic matter. 
There are several possible modes of origin of the organic 
matter—metal association.. Living organisms, which are known to con-
centrate transition metals (Bowen, 1966), may be deposited after 
death along with their in vivo metal contents (Brongersma-sanaers, 
1966). Alternatively adsorption of the metals may occur after death 
during settling of the organic detritus. The latter suggestion has 
been favoured to explain the metal enrichment in Oslofjord sediments 
since metal concentrations in living organisms are too small to 
account for the observed enrichments (Doff, 1970). However this is 
not a valid argument if a recycling process exists within the upper 
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few centimetres of sediment in view of the concept that a sub-
stantial proportion of the metals may be fixed near the sediment 
surface and hence will not reflect in vivo metal contents of; the 
organic matter. Therefore the possibility that the metals are 
initially supplied to the sediment surface by settling—out of dead 
organisms containing only in vivo metal concentrations should not 
be excluded. In fact it is supported by combining two independent 
pieces of evidence. Firstly the observed metal enrichment occurs 
in the order Zn > Pb > Cu > Ni which is quite different from that of 
the relative -stabilities of 'metal—amino acid complexes (Cu > Ni Zn; 
Abrens, 1966) and that of the sorption capacity of humate impregnated 
sands (Pb > Cu Zn 'Ni; Swanson et al., 1966). Secondly Zn and 
to a lesser eitent Pb are concentrated more by plankton than are Cu • 
and Ni (Bowen 1966); dissolved Zn is in fact concentrated in the 
surface fjord waters, especially at the pycnocline (Appendix D), 
probably through its release from decomposing plankton (Sen Gupta, 
1972). Finally it should be noted that trace metal concextrations 
in the eource ma.toiial will be an additional important factor in 
determining their relative degrees of enrichment in surface sediments. 
The average relative abundance. of the relevant metals in granite is 
Zn> Pb> Cu> Ni (Kzauekopf, 1967) which is the same as that observed 
in the sedimentu 
No concentrations are gen.erally much higher in the anoxic seth.-
monte (1-419ppm) than in the oxic sediments (0-13ppm) and reflect an 
essential diIference in the mode of No deposition in those contrasting 
environments although some superficial similarity does exist in this 
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respect0 For instance to may be associated with lithoganous 
material (Krauskopf, 1956; Taylor, 1965) and organic matter 
(Krauskopr, op. cit.; flanskayaandDrozdova, 1968; also see p. 60) 
in both types of sediment. There is little evidence to suggest any 
other source of ?io in the oxic sediments including the possibility 
that the elemant is concentrated in LIn(IV) oxide rich sediments as 
in the deep sea (8ertine and Turokian, 1973) and possibly shallow 
water environnents (see Borrang, 1972). 
Mo enrichment in anoxic sediments is well documented (e.g. 
Kuroda and Sandell, 1954; Sugawara et al., 1961; Gross, 1967; 
Pilipchuk and Volkov, 1968; Crecelius, 1969; Doff, 1970; Presley 
et al., 1972) but its mode of incorporation has been argued over 
primarily as a result of the work of Krauskopf (1956) which suggests 
that sorption and organic reactions are the most likely mechanisms. 
A greater amount of observational and experimental evidence suggests 
that coprecipitation of I-Io with iron monosuiphides is more important 
(Sugawara et al., 1961; Pilipohuk and Volkov, 1968; Bertine, 1972). 
The contrasting No concentrations that exist between the oxic and 
anoxic sediments, and the high sub-surface as well as surface No con-
tents in the anoxic sediments (Figs. 6.10-12) suggest that these high 
concentrations are related to suiphide precipitation (contrast to Pb, 
Zn and-Cu; seep. 61). Unfortunately organic C contentare also 
generally high in the anoxio sediments relative to the oxic sediments 
so that a possible organic C-1--lo relationship is not completely ex-
chided by this evidence. However similar ranges of No and S cor.-
centrationa to those observed in this study have been reported for 
6 . 
oxic and anoxic sediments from Oalofjord, but in contrast the organic 
C contents in the oxic sediments there (maximum >4.5% organic C) 
are almost as great as those in the anoxic sediments (Doff, 1970) 
indicating more clearly that No is mainly held in aulphides within 
the sediments. 
The exceptionally low Mo concentrations in some sediment 
horizons in Bolstádfjàrd, particularly the coarse-grained and grey 
clay bands, are attributed tà the correspondingly low S concentrations 
and hence to the rapid rate of deposition of the hbrizons (p.47). 
The two most important factors affecting the Mo/S ratio in anoxic 
ued.iments'appear to. be the variety of forms in which sulphur may be 
held in such sediments and the initial availability of Mo. The 
former is related not only to formø which may (e.g* iron suiphides) 
or may not (e.g. elemental s) contain Mo, but alsO to the different 
capacities that various iron suiphides found in sediments have for 
retaining Mo (Korolev, 1958; Bertine, 1972). The fact that 
Boletadfjord sediments generally have much lower go/S ratios than 
the sodiments of either Mofjord or Molviksfjord (Thble 6.10) may re-
fleot differences in these factors which result from the greater 
probable rate of deposition in Bolstadfjord (p. 46). For instance 
Berner (1964) states that the amount of pyrite relätive to iron 
monosuiphides is likely to increase with a decreasing sedimentation 
rate while it appears that Mo is not held to such a great extent by 
pyrite as it is by iron monosuiphidee (Koro]ev, 1958). With 
regard to the availability of Mo, Berrang (1972) has suggested that 
scavenging of the element by Mn oxides precipitating in the water 
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column followed by its release under anoxic conditions (see 
Chapter 7) provides a possible means of supplying.Mo in sufficient 
quantities to explain its observed concentrations in anoxic sediments. 
66 Possible Long—term Change in the Conditions of Sedimentation 
Strm (1936) suggests that the fjords of Norway have become 
increasingly anoxio as a result of post—glacial isbetatic rebound. 
Doff (1970) also observed the onset of anoxic conditions in the sedi-
mentary record of Oslofjord but attributed this mainly to unnatural 
eutrophication. Although it is not possible to contradict the 
overall interpretation of Strm, it should be noted that certain 
observations on which his conclusions were based are invalid. For 
example Strm (op..cit.) writes "Them are several other cases where 
there is a sharp boundary between foul black sediments and under-
lyingclays. The Mofjord., Bolstadfjord . . . sediments are examples 
of this. A change towards foul bottom waters is thus clearly 
indicated". The maximum length of Strm'e cores (43cm in I1ofjord 
and 19cm in Bolstadfjord) were limited by the presence of stiff clay 
and sand horizons, and it is now known, that such horizons occur 
irregularly with depth, particularly in Bolstadfjod, and are under-
laid by normal anoxic sediment (p. 46 and Fig. 6.2). 
There is virtually always a surface organic C maxima and an 
Al minima in the sediments (Fig. 6.13), but this may be due to either 
decomposition of a certain fraction of the organic' matter in the 
upper part of the sediment column or decreasing input of lithogenic 
detritus with time rather than to increasing azioxicity. The only 
basin that appears to have undergone a significant long—term change 
13 	14 	15 	16 	17 







MoX 50Mo2 ) AIO 	 organic 	L0 	 _.- 1203 organ C 13 	1 	15 	2 	2.5 	350-1 At 
125 	 ::  
fl 	12 	13 	14 	2 	L 	6 	8 	70 
L__! 	 I 	I Lri liii I 
9 	10 	11 	122 	4 	6 	8 
0 	M031.(2)S 	0 	Bo6 	 Bol 





.; 	.1. 	I. 	I 	[.1 	•'I. 	I. 
13 	14 15 	16 170 	2 	6 6 	8 
'I Ti 02 
Fig. 6.14 










I 	I 	I 	 I 	• L 	II 	I 	 I 	• 	I 55 0.6 0.7 0.8 1 	2 3 0.50 0.75 1.00 6 7 
P2 05 
Cao 
. 2 	3 
I 	• 	I 	• • 	I 
1.0 50 
I 	I 	I 	I 
350 400 450 500 
Fig. 6.15 
Vertical distribution of trace elements in core Mo 31 (2) S. (in p.p.m.) 
0 










I 	 '• 	I 	'I 
• 	• 	• 	I • 	•_•. i.. ••I•_I___I_ 	I 	• 	I 	• 	I 	• 	I 	• • 	• 	• 	• 	I 	• 100 150 10 	15 10 20 30 40 Ion 
67, 
in its conditions of sedimentation is Vlolvikofjord'. It was noted 
that a distinct break in lithology occurs between 40cm and 50cm 
(p. 46) and that this is reflected by certain element ratios (e.go 
and. the vertical distribution of the elements Zr/Rb, Zr/A1203)  
(Figs. 6.13,14 and 15).  These changes, especially the marked 
increase in 11o, S and organic C contents, are taken to indicate an 
increase in the doee of anoxicity in the sediments with time 
although it is difficult to reconcile this with tl1e observed increase 
in deposition of shell material (see Ca, CO2 and Sr profiles in 
Figs. 6.14 and 15)0 
68. 
C H A P T E R 7 
IRON, MANGANESE AND RELAThD ELEMENPS 
7.1 Introduction 
The water samples collected in 1970 and 1971 were analysed for 
dissolved as well as for particulate Fe and Mn. Interstitial water 
samples from five anoxic sediment cores (No 4(1)S, 1,10 7(2)5, No 34(2)S, 
Bo 1A and Bo 2; see Fig. 6.1) were also collected during these two 
cruises. The dissolved metals from both the water column and inter-
stitial waters were concentrated by a solvent extraction procedure 
prior to analysis by Atomic Absorption Spectrometry. Further details 
of water sampling and analytical procethwes are included in Appendices 
A and C respectively, and a complete set of results in Appendix D. 
Owing to the precipitation of an Fe-rich phase in some interstitial 
water samples during storage (see Appendix &), only Mn concentrations 
are used in the following discussion. 
7.2 The Distribution of Iron and Manganese in River and Surface Fjord 
Waters 
Concentrations of dissolved Fe and Mn in the RiversVosso and 
Noelv are comparable to previously published data on river composition 
although their observed Fe contents are similar to the lowest values 
quoted (Table 7.1)e The near-surface water concentrations of dis-
solved Fe and Mn are similar to the values reported from other fjords 
in Norway and British Columbia as well as to those in average sea 
water (Table 7.1). Relatively high concentrations of dissolved Fe 
TABLE 7.1 
Dissolved Fe and Mn concentrations 
in river and surface fjord waters (in g/l) 
River waters Surface fjord waters 
Mn Fe Mn Fe 
River Moelv 3.1 5.6 C 	<0.2-7.9 1.0-18.3 
1970 
River Moelv 2.7 5.2 D 	20, 20, 20 5.0, 	2.0, 	15.8 
197 1 
River Vosso 3.9 16.5 E 	- 11-14 
1971 
A 	 <1_3* < 1 0-7 1 0 F 	2 10 
B 7.0 670.0 
A 101 samples from surface waters of the Mackenzie River 
(Reeder et al., 	1972). 
* 99 of the 101 samples. 
I 
B Mn value is average world value for rivers suggested 
by Turekian (1969). 
Fe value is average world value for rivers according 
to Livingstone (1963). 
C 21 samples from 0-40m in Mofjord, Bolstadfjord and 
Osterfjord - this study. 
D 3 samples from 0-20m in Saanich Inlet (Presley et al., 	1972). 
• E 4 samples from 0-30m in Framvaren (Piper, 1971). 
F Average sea water concentrations (aolchr. 	1Q'i 
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and Mn at No 23, 110 49, Bo 1 and Bo 2 (Figs. 7.1-4) coincide, except 
at No 49, with that of suspended particulate matter (p.  34). There 
appear to be two or possibly three alternative mechanisms that may 
have caused such a feature. Firstly, as 'dissolved' (0.45) Fe 
and Mn are usually predominantly transported as colloidal material 
in rivers (Berner, 1970; Stumm and Morgan, 1970), a certain fraction 
of them may be precipitated when mixed with saline waters leaving 
high dissolved Fe and Mn contents in the overlying, fresher waters. 
Secondly, the decomposition of particulate organic matter concentrated 
at the pycnocline would result in a release of Mn and Fe (c.f. dis-
solved Zn maxima; p. 63) since both are concentrated by organisms, 
particularly diatoms (e.g. Vinogradova and Koval'skjy, 1972). 
A third factor which may either enhance or possibly produce by itself 
the high surface dissolved Fe and Mn contents, is the lack of mixing 
between the surface, low salinity waters and the ialiue, deeper waters. 
That is to say downward movement of colloidal and truly dissolved 
species entering the fjords would be minimised by the marked density 
stratification (pycnocline) in near-surface waters. The existence 
of colloidal or cornp].exed Fe is supported by the occurrence of 
'dissolved' Fe within the surface waters of Mofjord and Boletadfjord 
in concentrations that exceed the theoretical solubility by more than 
two orders of magnitude (observed 	calculated 
using ionisation constants for amorphous Fe(OH) 3 after Krauekopf, 
1967). 
There is a near-surface maximum of particulate Fe at Mo 23, 
140 49 and Bo 1 (Figs. 7.1 1 7.2 and 7.3) which also coincides with that 
Fi. 7.1 
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of inorganic particulate matter. The near-surface distribution of 
particulate Mn is similar except at No 23. Although these high 
values may be partly due to uptake of Fe and Mn by diatoms, the 
strong correlation between particulate Fe and Al in river and near-
surface waters (Fig. 7.6) suggests that they are associated with the 
high aluminium-silicate contents. The most probable sites are 
within the lattice framework or as adsorbed ions associated with clay 
minerals and as oxide films on mineral grains (Carroll, 1958). The 
Fe/Al ratio (1.2) of the river and near-surface particulate matter 
is considerably higher than that of the bottom sediments (0.5-0.8) 
and will be used in the following discussion to estimate the amount 
of excess particulate Fe. Relatively rapid settling of non-Fe 
bearing aluminium-silicates (e.g. feldspars) and solution of surface 
oxide films wider anoxic conditions may account for the low Fe/Al 
ratios of the bottom sediments. 
73 The Distributions of Iron and Manganese in Sub-surface Fjord Waters 
The distributions of both dissolved and particulate Fe and Mn 
vary greatly in sub-surface waters and can be related to the position 
of the 02-H25 boundary. Their description is therefore dealt with 
in three sections according to the relative position of this boundary. 
a) 09-1125 boundary within the sediment column 
There is a small increase in concentration of both dissolved 
and particulate Mn and Fe in the bottom waters compared to intermediate 
waters at No 23 (Fig. 7.1). The particulate Fe/Al (1.2) and Mn/Al 
(0.05) ratios however are constant throughout the water column 
(Table 7.2) indicating that the high bottom particulate Fe and Mn  
Fig. 7.6 
Fe-At reLationship in suspended particulate matter 
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TABLE 7.2 
Fe/Al and Mr/Al ratios in suspended particulate matter 
Station Depth Fe/Al Mn/Al 	Station Depth Fe/Al Mn/Al 
(m) 	 (m) 
Mo 23 0 1.38 0.023 Bo 	1 0 1.18 0.062 
1970 10 2.22 0.150 1971 5 1.16 0.05 1 
30 1.38 0.085 10 1.23 . 	 0.052 
50 1.16 0.052 15 1.18. 0.054 
100 .1.26 0.109 20 1.38 0.063 
150 .1.08 0.038 22.5 0.99 0.065 
20. 1.08 0.036 25 1.03 0.078 
bottom sediments . . 30 - - 	
..... 
atMo 23 0.53 o.006 35 -... 0.37 
40 1.29 0.69 
• 	 Mo 49 0 0.39 0.009 50 1.73 3.06 
• 1971 0(2) 0.36 0.006 . 	 55 3.07 0.026 
2(2) 0.43 - 60 1.43 0.011 
5 1.19 0.030 65 1.66 0.009 
5(2) 1.15 0.038 70 2.12 0.011 
10 1.27 0.067 75 1.35 - 
10(2) 1.04 0.048 80 1.85 	• 0.017 
15 - 0.060 bottom sediments 
• 
. 	 25 - 0.067 at Bo 1 0.74 . 	 0.010 
• 40 1.92 0.76 
6o 2.61 0.36 Bo 	2 0 1.15 0.039 
80 2.89 0.10 1971 10 1.07 0.044 
105 2.90 0.23 20 1.20 0.09 1 
120 3.57 0.44 30 1.10 0.26 
130 4.37 0.59 40 0.94 0.39 
140 3.40 0.92 50 1.00 0.47 
150 6.09 0.61 	. 60 1.09 0.55 
160 3.50 1.01 70 1.15 1.22 
170 7.54 2.23 80 1.54 1.69 
180 8.36 1.04 90 2.45 1.54 
200 6.66 	.. 18.6 . 100 3.08 2.47 
210 7.90 90.7 110 13.72 7.66 
bottom sediments . 118 5.41 11.7 
at Mo 49 .0.70 0.012 123 5.88 12.4 
127 5.28 16.2 
River Moelv 0.56 0.006 130 4.76 27.4 
1971 . 	 . bottom sediments 
at Bo 2 0.59 0.010 
Bo 	3 42.5 1.15 1.07 
1971 45 1.18 1.23 
47.5 	. 1.52 1.56 
50 1.88 2.33 . . 	 . . 	 . 
52,5. 2.12 0.25 
• 	 • 
• 	 55 	• 2.35 0.016 
57.5 1.39 0.003 • 
60 1.74 0.009 
65 2.43 0.020 
70 2.45 0.008 
• 
• 	 78 1.82 • 	 0.006 	• I 	- • 
River Vosso 1.17 0.064 
1971 . . 
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contents are related to the probable resuspension of underlying 
sediments at this station (p.  36). 
b) 0,-H$ boundary at the sediment-water interface 
The deep waters at blo 49 and Bo 2 are greatly enriched in 
dissolved and particulate Mn relative to surface waters and show 
concentrations of up to 245j9/1 and 149119/1 respectively (Figs. 
7.2 and 7.4). In contrast to the situation at flo 23 the deep water 
particulate Mn contents are also very high relative to particulate 
Al (Table 7.2). Both dissolved and particulate Mn concentrations 
increase exponentially with depth to the sediment-water interface. 
High concentrations of non-silicate particulate Mn (asuming a Mn/A1 
ratio of 0.05 for particulate silicates) are restricted to the bottom 
10-20m of the water column at No 49, a poorly mixed zone of water 
(p. 15), whereas significantly high concentrations exist almost to 
the base of the pycnocline (27m) at Bo 2 (Figs. 7.2 and 7.4). To 
a lesser degree a similar relationship between dissolved Mn and water 
depth exists in these two profiles. 
Concentrations of particulate Fe are also high in the sub-
surface waters relative to both surface waters and particulate Al at 
these stations (Figs. 7.2 and 7.4, Table 7.2). However the enrich-
ment of Fe is not as great as for particulate Mn (maximum particulate 
Fe = 54.6igJl). In comparison dissolved Fe concentrations show 
little change between near-surface (0-25m) and deeper waters although 
at Mo 49 some increase with depth is observed. Pèio further features 
of the particulate Fe distribution are worth noting. These are the 
occurrence of a maximum some 20-30m above the sediment—water interface 
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in both profiles and the presence of a high, apparently non-
silicate (i.e. excess) particulate Fe concentration throughout 
the sub-surface. waters of Llo 49. 
c) 02H,S boundary within the water column 
The profiles of dissolved Lmn and Fe at Do 1 and Bo 3 are 
similar to each other. Low concentrations, comparable with those 
in the surface waters, occur at intermediate depths (- '3050m) while 
both stationedisplay very pronounced mid-water maxima below which 
dissolved Ln and Fe contents decrease somewhat (Figs. 7.3 and 7.5). 
£1aximum concentrations of dissolved nn (74o9/1) and Fe (3001lg/1) 
are greater than the values reported in similar circumstances for 
the Black Sea (Table 73). 	The relative enricheñt of Fn in the 
deeper waters is greater than that of Fe. Significantly the mid-. 
water maximum of dissolved Lin occurs between 52. 5rn and 55m, about 
2.5m above that of the maximum concentration of dissolved Fe. 
At these two stations the 02-.H2S boundary occurs close to 55m depth. 
The highest concentrations of particulate Feand Mn occur in 
the mid-waters some 25-5m above the corresponding maxima of die- 
solved Fe and Hn - (Pigsi 7.3 and 7.5). The maximuii values (particulate 
Pin = 23.8Jl, particulate Fe = 23.2pg/1) are lower than those ob-
served in the. Black Sea (Table 7-3)i A small, secondary high of 
particulate Fe is seen at 65-70m which is in contrast to the very 
low particulate Pin concentrations (not exceeding 0.2pg/l) below the 
02-H2S boar. 
TABLE 7.3 
Concentrations of dissolved and particulate Fe and Mn 
in anoxic •basins 
Location 	 Fe 	 Mn 
dissolved particulate 	dissolved particulate 
Bolstadfjord 
1.6-330 7.16-34.81 1.7-740 0.02-23.83 
Black Sea 1 0-20 4-102 
Black Sea2 0-495 0-280 
Black Sea3 4 1-45 0.50-69.43 < 1-450 0.01-57.88 
Saanich Inlet4 1 .3-1 5. 8 20-340 
Frainvaren5 8.1-15 4.8-23 
T. 	Dobrzhanskaya and Pshenina (1959). (in pg/i) 
Mokyevskaya (196 1). (inpg/l) 
particulate Fe and Mn from Spencer et al. 	(1972). (in pg/kg) 
dissolved Fe and Pun from Spencer and Brewer (1971). (in pg/i) 
Presley et al. (1972). (in ppb) 
Piper (1971). (in ppb) 
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7.4 The Distribution of Dissolved I1anganese in Interstitial Waters 
The concentration of dissolved Mn in anoxic interstitial waters 
is greater than in average sea water, in some instances by several 
orders of magnitude (Table 7.4). The highest values (maximum 
12.3mg/1) occur in core Do 2 where a Mn carbonate is suspected in 
the sediments especially below 40cm be 53). In core Bo 2A from 
the same 'ocation, a Mn carbonate probably exists at all depths in 
the sediment. There is no obvious relationship between the con-
centration of Mn in sediment interstitial waters and that found in 
the sediments. Respective values for interstitial Mn in Mn car-
bonate bearing and other anoxio sediments from Saanich Inlet 
(Presley et al., 1972) and in Mn carbonate bearing sediments from 
Loch Fyne (Caivert and Price, 1972) are Bimilar to those observed 
in this study. In cores !'Io 7(2)s, Bo IA and Do 2 9 interstitial Mn 
contents decrease rapidly with depth (Table 7.4 and Fig. 7.7). 
7.5 Phase Transformations of Iron and Nananese 
In contrast to the high particulate Fe and Mn contents in the 
bottom waters of Osterfjord (!io 23), those in the sub—surface waters 
of Mofjord and Bolstadfjord do not relate to particulate Al con-
centrations and hence must represent authigenic non—silicate phases. 
Their presence in the bottom waters at Mo 49 and Bo 2 partly 
accounts for the observed high concentrations of total suspended 
particulate matter (p. 34). 
From the preceding description of changes of dissolved and 
particulate Mn in various profiles some relationship between their 
TABLE 7.4 
Dissolved Mn concentrations 
in interstitial waters (in pg/i) 
Core Depth Mn Core Depth Nn 
(m) (m) 
Mo 4(1)S 0-10 45 Mo 34(2)S 0-10 37 
• 	
1970 
- 	 10-20 139 
1970 
• 	 10-20 48 
20-30 96 - 20-30 45 
30-40 66 30-40 38 
40-50 38 	•- 40-50 70 
50-60 25 50-60 37 
60-70 16 60-70 26 
70-80 21 70-80 16 
• 	Mo 7(2)S 0-10 671 Bo 1A 0-10 418 
1970 10-20 292 1971 10-20 317 
20-30 231 20-27 136 
- 	 - • - 
	 30-40 236 27-34 49 	- 
40750 121 34-39 21 
50-60 130 39-46 20 
60-70 55 46-52 22 
70-80 92 52-58 41 
• 80-90 137 • 58-64 38 
90-100 86 	• 64-7 1 51 
100-1 10 • 	 33 71-76 52 
- 110-1 30 80 • 76-82 • 54 
Average seawater 2 Do 2 	• 0-21 12278 
(Goldberg, 1965) 	• 1971 • 21-24 • 2445 	• 
• 24-34 2 358 
34-40 1 755 
• 40-50 2555 
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trend and the position of the 02—H2S boundary is manifest. 
Relatively large dissolved and very small particulate concentrations 
of Mn occur below this boundary except at Bo 2/Bo Vt where Mn car-
bonate exists in the sediment. In contrast low dissolved and high 
particulate T.in concentrations are observed above the boundary. 
The same trends in Fe can be observed where the 0 2—H2S interface 
occurs in the water column but cannot be confirmed where the inter-. 
face occurs at the sediment surface due to the absence of inter-
stitial Fe data. 
Assuming reactions between solid and dissolved phases of both 
metals actualIy. occur, it is evident from the profiles at Bo 1 and 
Bo 3 that theso:transformations do not coincide exctly with the 
02-R2S boundary and are independent of each other. That Involving 
11n occurs some 2.5m above that for Fe which takes place immediately 
above the 02-H2S £nerface. This distinction between the Mn and Fe 
reactions is probably a reflection of differences In pE values 1 for 
the respective redox couples e.g. (after Stuxnm and Morgan, 1970):— 
Fe(OH) 3(S) + 31t + e = Fe2 + 20 	pE0 = +18.8 
Mn02(S) + 2H + e = 	2+ + 	pE° = +21.0 
The assumption that so—called 'particulate' and 'dissolved' Mn and 
I For half cell reaction:— oi + ne = red 
logK 	log ared 	log a 	+ upE 
where ox = oxidised species, red = reduced species, n = number 
Of electrons transferred, and a = activity. 
pE = pE0 + . log (Q) 	where pE° = . log K 
red 
when all species other than electrons are at unit activity. 
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Fe truly represent insoluble Mn(IV), Fe(III) phases and soluble 
diva].ent species respectively, is reasonable since it has been 
shown to be the case for VIn in a study of lake waters (Delfino 
and Lee, 1968). 
Similar changes of dissolved and particulateT Fe and Mn occur 
across the 02II2S  boundary in the Black Sea (Spencer and Brewer, 
1971; Spencer et al., 1972) and in some lakes (Hutchinson, 1957). 
Spencer and Brewer (op. cIt.) have interpreted the distribution of 
particulate and dissolved Fe and Mn in the Black Sea in terms of redox 
reactions and vertical advection-diffusion processes. That is, 
descending particulate Fe(III) and Mn(IV) oxides-brdroxides are re-
duced and solubilised to Fe(II) and Mn(II) at the appropriate redox 
(pE) boundaries consequently establishing a reservoir of Fe(II) and 
Mn(iI) below. Upward movement of part of this reservoir through 
vertical advection and diffusion, and subsequent oTxidation re-
precipitates the metals as Fe(III) and Mn(IV) phaes at or above their 
\ rebpectice redox boundaries. This cyclic process is capable of 
maintaining the mid-water maxima of both dissolved and particulate 
Mn and Fe as long as both metals are continually supplied from sur-
face waters. A similar model can be applied to the Mn and Fe pro-
files at Bo 1 and Bo 3 (see A, Fig. 7.8). The major departure from 
Spencer and Brewer's (1971) model is that, unlike the Black Sea where 
a deep and rather constant advective inflow through the Bosphorüs 
occurs, renewal of bottom waters in the inner baeih of Boletadfjord 
is probably intermittent and rapid (see section 3.7). As a con-
sequence the Mn and Fe profiles are probably maintained by diffusion 
7.8 
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processes for the most part with advection being significant only at 
irregular time intervals. Unfortunately quantitative treatment of 
the data is made impossible by a lack of detailed knowledge con-
cerning the circulation in the basin and the probable absence of 
steady state conditions in the water column or even an approacbto-
wards them. 
A consequence of the model described above is that the overall 
concentration of both elements in the reservoir (the anoxic waters) 
will increase. This build—up of Un and Fe may be limited by physical 
processes (e.g. transport of Un and Fe out of the basin), by chem-
ical processes (e.g. in situ precipitation of a divalent solid 
phase) or by a combination of the two. At Bo 1 and Bo 3 the excess 
particulate Fe occurring below the Fe(III)—Fe(II) redox boundary 
probably represents precipitation of a Fe(II) suiphide. No such 
buffering of the tIn(II) content occurs and explains why dissolved Mn 
is enriched relative to Fe in the water column. Fig. 7.7 ehowe that 
the dissolved Mn concentration continues to decrease gradually with 
depth even within the surface sediments, indicating that the sediment 
and water columns may be considered as one uninterrupted profile. 
Therefore the high surface interstitial Lln concentrations are pro-
bably the result of downward diffusion of Nn(II) from the water 
column particularly as no Uln(IV) solid phases can reach the sediment 
surface. 	 - 
The r.ln profile at the deep station in Nofjord (water station 
No 49 and core No 7(2)5) 1 where the 02—H2S boundary occurs at or very 
close to the sediment—water interface, seems to be directly analogous 
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to that within the inner basin of Boletadfjord (Do I and Do 3). 
That is, the maximum concentration of dissolved tin occurs directly 
below the redox boundary (Fig. 7.7) while the highest particulate 
MTn contents exist directly above (Fig. 7.2). At the same time no 
t]n(II)(S) phase appears to be precipitating below this interface 
(i.ee in the sediments; see p. 51) where the concentration of 
- 	dissolved tin 4ecreaaeo with depth (Fig. 7.7). 	at Bo 1 and 
Do 3 upward diffusIon of Iln(II) across the Un(II)—iln(IV) redox 
boundary and its subsequent oxidation probably causes the observed 
precipitation of1n presumably as tIn(IV) oxides—bydroxidesi With 
regard to the interstitial tin profile however, it is apparent that 
the situation is,not directly comparable to that at Do 1 and Bo 3 
Namely the 0 -728 boundary, which in this case is coincident with 
the sediment-water interface, is probably migrating upwards with 
time relative to sea—level due to sedimentation (se Emery, 1960) 
This has interesting implications when it comes toexplain the ob 
served downward decrease of interstitial Un contents if it is 
assumed that the latter feature reflects steady state conditions 
within the sediment (i.e. if the dissolved DIn maxillium is permanently 
located directly beneath the sedimentwater interface). In the 
first instanàe, the decrease with depth may be due ,to the rapid re-
duction and dissolution of 1k-In at the sediment surface followed by 
its downward dIffusion as Hn(II)4 Relative to tI1 sediment-water 
.interface however, the interstitial waters containing these high 
dissolved Mncontents would move downwards as sedimentation proceeds. 
Therefore another cicchniem must be found that can maintain the 
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dissolved tin maximum directly below the sediment surface. The 
upward adveotion of interstitial waters relative to a given sediment 
horizon, which results from compaction of a sediment (Emery, 19 60), 
is. the only process capable of fulfilling this requirement. A con-
stant supply of Un from.surface fjord waters plus upward advection 
of Mn(II) rich interstitial waters will lead to an ever increasing 
dissolved tin content in the surface sediments until a point in time 
is reached, given favourable conditions, when In(II) precipitation 
may be effectcd. All that - has so far been discussed concerning 
the distribution of dissolved tin in core 1,1 7(2)5 is consistent with 
the assumption that the sediment-water interface i si rising due to 
deposition. if on the other hand the sediment being laid down is 
somehow accommodated at depth so that the sediment: surface remains 
stationary relative to sea-level, it is not necessary to invoke 
advection of interstitial waters to explain the distribution of Mn. 
Instead an identical process to that occurring in the. water column 
at Bo 1 and Bo -3 (see p. 75 is sufficient. 
The mechanisms controlling interstitial Mn distribution, 
which were described above, are based on dotnward diffusion and/or' 
upward advectiçn, and therefore are very different from those 	- 
described by Berner (1971) for anoxic sediments with thin oxide 
surface layers (see I), Fig. 7.8) and by I4ynn and Bonatti ( 1965), 
Anikoucbino (1967), and Bender (1971) for deep-ae sediments (see 
Cr Fig. .7.8; after Bender, 1971). These models 'are all based 
predominantly on upward d1,ffusio and are incompatible with the 
interstitial Mn profiles observed In this study. 
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At Bo 2 the distribution of On is again different in that 
a Vln(II) solid phase (a carbonate) probably exists below the 
rn(Iv)-1In(II) redox boundary (i.e. below the sediment-water inter-
face). Unlike core B02A however there is no evidence in core Bo 2 
that the carbonate has precipitated directly beneth the surface of 
sedimentation in the recent past. The shape of the dissolved 11n 
profile relative to the rèdox boundary is similar to those already 
described but the Lin contents are much greater (Fig. 7.7). The 
profile closely'reeembles that in sediments from Loch Fyne (Calvert 
and Price, 1972) where Mn carbonate seems to be precipitating at the 
present times According to Calvert and Price (1972)  the downward 
decrease in interstitial Mn is due to prec.pitation of the carbonate 
and to a downward exponentially decreasing production rate of dissolved 
i1n (due to a ecreaaing amount of lVln(IV) oxides-hydroxides) coupled 
with recycling of Mn(II) as a result of compaction (see B, Figs 748). 
Interestingly these anthors suggest that the latt&r mechanism, which 
is similar to one used to explain the distributio of Mn at Mo 49. 
Mo 7(2)S, could produce the same type of interstitial Mn profile 
even in the absence of carbonate precipitation. Et seems more 
likely therefore that rather than causing the dowiard decrease in 
dissolved IInpreciptation of carbonate is simply tthe natural con-. 
sequence of the build-up of Vln(II) with time. In other words the 
decrease of iriterBtiial Mn with depth existed pribr to carbonate 
precipitation (as at IJIo 49.410 7(2)8) which can onlj, occur when 
activity is effioient to exceed the carbonates solubility product 
It follows that precipitation is most likely to occur directly 
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beneath the Mn(IV)-Mn(II) boundary where the concentration of 
dissolved Mn(II) is greatest. However it is biown that carbonate 
alkalinity in anoxic sediments generally increases with depth 
(Berner et a]., 1970; Nieeenbaum et a]., 1972) so that Mn car-. 
bonate precipitation may occur well below the reclox boundary due to 
increasing 0032 activity. The difference between cores Bo 2 
and Bo 2A, with regard to the presence or absence of Zin carbonate 
in the upper part of the sediment column, suggestaT that either inter-
etitial Mn(II) concentrations vary laterally over short distances 
or that Mn(II) carbonate is not precipitating unifbrmly at the 
sediment surface. 
A comparison of the amount of non-silicate Lh present within 
a column, having a 10 x 10cm cross-section and including the entire 
water column and the upper 100cmof sediment, ehows that between two 
and three orders of magnitude more Mn occurs at Bo 2 (middle basin) 
than at Do 1 (inner basin). It is reasonable to assume that this 
figure provides a minimum estimate of the true relitive Mn distri-
bution between the outer two basins and the inner basin of Boletad-
fjord since it is known that Mn carbonate is also precipitating in 
the sediments of the outermost basin (see core Bo 6, p. 53) and the 
outer and middle basins combined are far larger in area and volume. 
The reasons for this unequal distribution become evident when the 
bathymetry of the fjord is examined in conjunctiozf with its hydro-
chemical character (see Fig. 7.9). Most of the Mh entering the 
fjord probably does so via the River Vosso (p. 16). A proportion 
of it is immediately transported to the outer basins while the rest 
N 
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is trapped within the inner basin. Most of the non-silicate 
fraction of the latter cannot reach the surface of sedimentation 
since it goes into solution in the anoxic waters below "-55m (see 
water stations Do 1 and Do 3). As Mn carbonate jrecipitation does 
not occur within the inner basin, non-silicate Mn can only be re-
moved from therby its precipitation on that part of the basin 
floor occurring, above the 02-H2S boundary or by its subsequent trans-
port into the outer basins. Mn reaching these basins is either 
trapped there or removed from Bolstadfjord completly by surface 
outflow. The former is deposited on the sediment surface, which 
is at a greater depth (130-140m) than that within the inner basin 
(Born), and only then goes into solution as Mn(II) :(aee Do 2). Thus 
the water column of the inner basin merely acts as a temporary 
reservoir of Mn (and Fe). whereas the outer two basins approximate 
an ultimate 'sink' for these metals. Hence the Mn content (mainly 
as Mn(II)) he built up to suoh.an extent that Mn(II) carbonate is 
able to precipitate. 
The only other cores (Mo 4(1)2 and No 34(2)S) from which inter-
stitial waters were sampled do not conform with tkiose already die-
cussed in that the dissolved Mn concentration is low throughout. 
In both instances the 02-H2S boundary occurs at the surface of sedi-
mentation. It is fruitless to speculate about the origin of these 
two dissolved Mn profiles as there are several, eqtiauly plausible 
explanations for them. In the case of core ?Io 4(1)S it is worth 
mentioning however that the reason for the observed profile may be 
related to the change in bydroohemical conditions within the water 
\\ 
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column which accompanied, the deepening of the sill;(p.16). 
The distrLbutlons of Fe and Mn have so far been interpreted 
using simple .thermodynamic concepts and mixing processest certain 
features however can only be understood with some knowledge of the 
kinetics of 1,1n.and Fe redox reactions. According; to Stumm and 
Morgan (19704.1 the oxidation of Mh(II) is autooata).ytic with respect 
to the Mn oxid precipitated .and. its rate increaseo with increasing 
pH. The deep waters of Mo 49 have a higher pH (7624) as well as 
higher dissolved, and particulate Mn concentrations than, those at 
Do 2 (pH = 665).i:.. Therefore the greater dispersi"on of Mn in the 
water coluinn'at Bo 2 (p.. 71.) can be at least partly attributed to 
a slower rateofózidation irrespective of any differences in mixing 
between the two-!ptationse, In faOt the hydrographio data indicates 
that the water cOiamn at No 49 is better mixed thaii at Bo 2 except 
possibly within the bottom .15m. One unresolved problem however is 
the inconsistency between the oxidation rate of Mn(II) necessary to 
maintain the observed particulate and dissolved MxI profiles and that 
derived experimentally(see Spencer and Brewer, 1971), Dr. P. G 
Brewer (pers.: Ooniin) has suggested that bacterial processes may be 
important in catalysing this type of oxidation re.ction in natural 
waters 	The rate of Fe(II) oxidation is significantly faster than. 
that of Mn(II) but also increases with increasing pH (Stumnm and 
Morgan, 19700. The relatively rapid rate of Fe(fl) oxidation may 
explain why, in the deep waters at No 49 and Do 2 (p. 71), the con-
centration of: particulate Fe is greater than that of dissolved. Fe 
while the reverseis true for Mno It also implies that the high 
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particulate Fe content in the sub—surface waters at No 49, in 
contract to particulate Mn, cannot be due to Fe(II) diffusing out 
of the underlying sediment. Instead this Fe is most probably 
supplied from surface waters through preoipitatioii of colloidal 
Fe(III) (p. 69). 
In Chapter 4 the observed pE values of the waters at Bo I were 
compared with those calculated using three possible pE controlling 
reactions without much success. The major chang5 in pE at this 
station occurs between 50m and 65m (Pablo 7.5), roughly the depth 
range in which the Fe and Mn redox reactions occur. This suggests 
a possible association between the two, particularly as both the 
Fe4e2  and the 1@n(Iv)-47n2 couples are 1Qown to' be electroactive 
with respect to a platinum electrode (Morris and Stumm, 1967). 
Table 7.5 shows pE values calculated forvarious redox reactions. 
Doyle (1968) observed that the redoi potential of interstitial waters 
often corresponds to that calculated for the t.FeOOH_Fe2+ couple. 
Although pE values calculated using this couple are reasonably close 
to those observed, the problem remains of not being able to truly 
recognize the reaction which controls pE as measur d by a platinum 
electrode. This probably reflects the fact that 'observed pE values 
are rarely due to any one redox reaction and that true thermodynamic 
equilibrium does not exist in natural waters as a result of slow 
reaction kinetics (Morris and Stumm, 1967). 
Finally it should be noted that although Na and Fe redox 
reactions also involve protons, the deep waters at Mo 49, Bo I and 
Bo 3 are sufficiently well buffered to prevent any significant change 
TABLE 7.5 








A B C 
40 6.62 7.39 	 8.04 +5.78 +11.20 +6.0 +3.89 
50 6.65 7.79 	 6.14 +5.42 +10.19 +7.11 +4.20 
55 6.66 6.82 	 5.39 +1.78 +9.79 +6.11 +3.20 
60 6.66 5.79 	 5.39 +0.33 +9.79 +5.08 +2.17 
65 6.61 5.84 	 5.43 -1.22 
A pE calculated from 	MnO2 (s) + 2H + e 	= Mn 	+ H20 	pE0 = 	20.42 
(Stumm and Morgan, 	1970) 
• B 	• • pE calculated from Fe(OH) 3 + 3H 	+ e 	= 	Fe2 	+ 3H20 pE° 	= 19.27 	• 
(Krausicopf, 	1967) 
C pE calculated fromT-FeOOH + 3H 	+ e 	= 	Fe2 	+ 21120  pE° = 16.36 
(Doyle, 	1968) 
-log = 	negative logarithm of Fe activity assuming an activity coefficient of 0.3 
-log a 1 + 	= 	negative logarithm of Mfl2 activity assuming an activity coefficient of 0.3 
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of pH with depth even across the 02H2S boundary (Table 7.5). 
796 Discussion of the Nature of the Authigenic Iron and Manga 
The Mn(IV) solid phase in the particulate matter (see a, Fig. 
5.1) and in the surface layer of some sediments from Oaterfjord in 
all probability occurs as a hydrous oxide. It is brown in colour 
and appears to be amorphous to X-raya as are particulate manganese 
oxides in lake waters (Delfino and Lee, 1968). The initial products 
of Mn(II) oxidation cannot be characterised in terms of a simple 
atoichiometry and may display a degree of oxidation from MnO1 , to Mn0 19 
under slightly alkaline conditions (Stuinm and Llorgan, 1970). 
Anomalously high concentrations of some particulate major elements 
relative to Si, Al and Ti (assumed to be diagnostic of silicate 
material) coincide with the highest particulate !n contents at Mo 49 
and to a lesser extent at Bo 2 (p.  39). Levels of these elements 
are often far in excess of the concentrations that could be ex-
pected in sea salt on the filter papers as measured by Cl analyais 
The relative order of enrichment is Ca>SP>?'K Lig. S and P 
are probably associated With exceptionally high particulate organic 
matter contents (p. 42). Although Ca may be present as inorganic, 
perhaps even authigenic calcite in the deep. watera of !tIofjord (see 
c in Fig. 50), the association between Ca, Mg, K and Mn is possibly 
a result of adsorption on to the Mn(IV) phase. Ca 2 is known to be 
adsorbed preferentially to Mg2 and K by colloidal hydrous MnO, 
(Posselt et al., 1968) possibly explaining why it is enriched in the 
particulate matter relative to K and Mg. Under experimental con-
ditions (pH = 5, ionic strength = 1 x 1o_2)  Poeselt et al. (1968) 
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found that 0.113 mole Ca/mole fInO2 tT5S adeorbed compared to 0.10 
mole Ca/mole 1:tn at 210m in the profile.at I10 49 (assuming all non-
silicate Cais adsorbed. by Vln(IV) phase). 
The Fe(III) solid phase also appears to be X.ray amorphous. 
Stuirm and florgan (1970) suggest that it is most likely to be poorly 
crystallized PeOOH although it is usually termed 'hydrous ferric 
ozide' (Fe203. nH20) or 'ferric hydroxide' (Pe(OH) 3). There is 
a good association between the distributions of excess particulate 
Fe(III) and total particulate P at Bo1 and.Bo 3 (Figs. 7.3 and 7.5) 
and.to some eztont at 1:10 49 and Bo 2 (Figs. 7.2 an. 7.4). Values 
quoted for the zpc2 or 'Fe(OH) 3 ' or its equivalent, show a range of 
pH values from about 6 to 8.5 (Stuizn and Lorgan, 1970). Therefore 
the surface charge on the Fo(III) solid phase may 'he positive or 
negative at pH,.values observed in the fjords (p. 30). Ions that 
form insoluble compounds or Undissociated complexes with a com-
ponent of & solid phase are adsorbed relatively strongly irrespective 
of electrostatic attraction (Parka, 1967). As Fè.III) and P form 
both (e.g. strengite, FePO4. 2H20 (Nriagu, 1972) and FeH2P042 , 
FeHPO4F (stummandnorgan, 1970)), it is reasonable that a close 
affinity should exist between them. However it ib doubtful whether 
surface adsorption alone could account for the very high molar P/Fe 
ratios observed in the solid phase (average = 0.66, calculated on an 
organic free basis) although insufficient P exists: for the phase to 
2 ZPC = zero point of charge. 
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be strengite. According to Stumin and Morgan (1979) a mixed ferric 
byd.roxo-phoephate is likely to be precipitated with its 01C/PO4 
ratio related to the pH of the system. A similar Fe-P phase has 
been observed in surface and intermediate waters of Loch Etive 
(Price and Calvert, 1973). 
The Fe(Il 	 e ) solid phas 3 is black in colour and unstable under 
atmospheric conditions. In the presence of the observed sulphide 
concentrations within the inner basin of Bolstadfjord (maximum of 
200 pg atoll at,.Bo 4). Fe(II) suiphido is the most stable phase 
(Berner, 1971). Generally it is termed hydrotroilite (e.g. 
Ootrouxnov eta].., :i96i; Volkov 1961a; 1961b; Kaplan et a].., 1963) 
but Berner (op. cit.) suggests that it is really a mixture of meta-
stable sulphiies ouch as maokinawite (tetragonal Fei+S)  and greigite 
(cubic Fe3S4)... Unfortunately it is not possible to obtain an esti-
mate of the Fe/S molar ratio of the phase due to the presence of 
elemental sulphur in particulate matter samples . from anoxic waters 
(p. 41). 	. 
3 That àccurring in the water column of the inner basin of 
Bolstadfjord (Bo 1 and Bo 3) and in some at least of the 
anoxic sediments (in addition to pyrite). 
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CHAPTER 8 
SUMIIARY AND CONCLUBIOIS 
The hydrography and hydrocheniietry of a grou of fjords to the 
north of Bergen have been studied in an attempt tÔ understand the 
distribution of suspended particulate mator and chemical trana-  
formationsinvolving Fe, Lln and related elements in the waters. in 
addition the chemical óomposition of the sedimenisThas been investi-
gated to see how their terrigenous and anthigenic components relate 
to the chemiutrjof the overlying waters and suspeüded particulate 
matter. 
The main hydrographic and hydrochemical feat ires of the surface 
waters are similax in all the fjords. There is ihvariably a low 
salinity, outflcwing, surface water layer which is underlain by 
a marked halocli.ne and coincident pycnocline. Thb low salinity layer 
is most evident in Boistadfjord while it exhibitBi decreasing dev-
elopment in !lofjord, ?Ilolviksfjord. and Osterfjord. Hithin the fjords 
it seems that a more or less normal estuarine circulation pattern 
exists at least for the near-surface waters. Hówèver there are 
considerable differences between the dep water chracteristics of 
the fjords, the most significant being in the relative position of 
the 02-H23 boundary 	In Osterfjord the boundary occurs within the 
surface (.-2cn) sediments while the overlying waters are fairly well 
ventilated throughout. In Llofjord, !Tolvikefjord and the middle 
basin of Bolotad.fjord the boundary occurs at or very close to the 
sediment-'water interface whereas in the inner basin of Bolstadfjord 
it occurs in the water column some 30m above the sediments. The 
deep waters of !ofjord and Nolviksfjord appear to be fairly iso-
lated from the surface waters although internally uell-mixod. On 
the other hand both the inner and middle basins of Bolstadfjord 
generally contain very poorly mixed deep waters. The hydrographic 
conditions in the different fjords are clearly related in some way 
to sill depth. For example the relatively low dôrisity of the 
bottom waters in Bolstadfjord (a t = 17.3) is the same as that at 
sill depth outside the fjord giving credence to the idea that bottom 
waters are reüewed'by advection over the sill. Lamination of the 
data howevershowe that it is not possible to characterize the 
development of anbxic conditions using any one factor such as sill 
depth or axnotñt of xunoff. 
Anoxic conditions in the deeper waters of the inner basin of 
Bolotadfjord are assooiated with a build up of clisolved phosphate-i', 
silicate-Si and titration alkalinity far in oxcess of their normal 
sea water concentrationa. This feature, togetherwith the decrease 
in dissolved 	with depth at every water station,has been attri- 
buted to the docóthposition of organic matter and to the partial 
dissolution of diatomaceous material in either thewaters, the sedi-
mente or both. In General however the observed concentrations of 
decomposition products do not coincide With thoseredicted using the 
stoichiometrjc model of Redfield et al, (1963). 
The obserred distribution of suspended particulate matter is 
probably characteristic of fjords in general where a surface estuarine 
\\ 
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circulatIon is strongly developed. It is re].ateci to three factors:- 
Circulation: a maximum of detrital particulate matter 
often coincides with the pycnocline largely becatise the 
latter acts as a barrier to settling. 14 considerable 
amount of the fine—grained, river borne detiitus may 
escape the fjord via its surface outflow despite the 
presence of shallow sills. Most of the detrital material 
penetrating the pycnocline probably then sinks relatively 
rapidly through the deeper waters. Surface waters (those 
above the pycnoclirxe) as a whole usually have higher detrital 
particulate matter contents than do intermediate waters, 
whersas deep waters are more variable in this respect and 
also in the composition of their detrital constituents, 
In Osterfjorct a high concentration of partiàulate matter 
in the bottom zaterz is due to resuspension of under-. 
lying sediments whereas in the more retricted bottom 
waters of the other fjords there is no Buchresuspension, 
In situ biological production; the highest concentrations 
of biogenic matter, produced in situ, seem to occur in 
the surface waters but do not always coincidTe with the 
pycnocline, 
o) Pbyeico.chemical processes: river borne colloidal 
Fe(III) may be precipitated as 'Fe(OH) 3' bytbe saline 
fjord waters t In sub-,surface fjord waters the distri-
butionsof tTn, Fe and related elements are affected by 
reclox reactions and diffusion—advection processes. 
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Over half the suspended particulate matter always comprises 
biogenous material including planktonic skeletal matter which is 
mainly diatoms. The surface waters predomivantly contain either 
fresh water or marine diatoms apparently depending on the thickness 
and salinity of the outfiowing water layer. The major inorganic 
components of the particulate matter are well—crystallised. 10 
mioacèous material and to a varying degree quartz and solid phases of 
Fe and Mn. While particulate K, Mg, Al and Ti are predominantly 
associated with detrita]. silicates 1 particulate Si and Ca are 
additionally: held in diatoms and skeletal carbonates respectively. 
Particulate P and S probably exist, at least in the surface waters, 
largely as biogenic matter. 
The natuxè of the suspended particulate matter is in several 
respects quitéunlike that of the underlying sediments. The par-
ticulate matter appears to be enriched.'in micaceotth material relative 
to quartz and feldepara This has been attributei to the prefer-
ential settling of quartz and feldspar grains thr5ugh the water 
column and is re'ieoted in the chemical compositi6n of the sediments 
and particulate matter (as indicated by element/Al ratios). The 
latter ratiosmay in addition be affected through the adsorption of 
K 5flIMg 2 by clay minerals. Biogenous material' constittes a much 
larger fractiOn Of the total particulate matter than of the sediments 
due to the presence of a biomass in the fjordwatès and. to recycling 
of organic matter as a result of its decomposition. 
The dietributione of Fe and Mn can be discussed both with res-
pect to theirassociation with aluminium—silicates and their 
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participation in redox reactions. Particulate Fe and tin are 
associated mainly with detrital ferroinagnesian minerals in the 
river and surface fjord waters as well as in most of the underlying 
sediments. However the distributions of dissolved and particulate 
tin are also related to the position of the tln(IV)-tin(II) redox 
boundary (-'02-1i2s boundary) irrespective of whethèr it coincides 
with the sediment-water interface or occu's withixi the water column. 
The same is true for Fe where the Fe(III)-Fe(II) redox boundary 
('02-H2s boundary) occurs in the water column although it has not 
been àonfixned at the sediment-water interface. Nhere the 02-H2S 
boundary exists in the water column relatively large dissolved and 
small suspended partiu1ate matter concentrations of these two 
metals occurbejowtheboundaxy as opposed to low dissolved and high 
particulate concentrations above. These featurei have been inter-
preted by using vertical diffusion and pE models. It is supposed 
that Mn( IV) and, Fe(III) oxides-hydroxides settle through the water 
column until re1uoed to 14n(II) and Fe(II) at the àpropriate redo.x 
boundary and hence solubilised. Consequently a. reservoir of dis- 
solved Fe(II);andfln(Ii) is established beneath tile redox boundaries. 
Upward.flux of part of this Fe(II) and Mn(II) though vertical dif-
fusion) and subsequent oxidation above the relevant redox boundary 
causes the reprecipitation of Fe(III) and fln(IV) phases. This pro-
cess will maintain the observed profiles as long as Fe and Mn are 
continually supplied from surface waters. A similar mechanism is 
envisaged to produOe the Mn profile where the 02-H28 boundary co-
incides with the sediment surface, although In this instance upward 
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flux of tin(II) below the boundary (i.eo within the surface sediments) 
may occur due to sediment compaction. Unless removed by physical 
processes the concentrations of the diva].ent species below the 02 
H25 interface will continue to increase until precipitation occurs. 
The solubility of Fe(II) is sufficiently low that Fe suiphides can 
precipitate in every instance. However onlyin the middle and outer 
basins of Bolstadfjord does an analogous situation exist for fln, 
where it has been shown that a mixed Mn-Ca carbonate is precipitated 
in the sediments.. 
The sediments, which are all probably post-glacial in age, 
have been divided into Ôxic and anoxic from evidence concerning their 
composition and situation relative to the 02-H2S boundary. The oxic 
sediments are exclusive to Oeterfjord and mainly cOmprise blue-grey 
and green-grey homogeneous silts and. clays. Some have a reddish- - 
brown surface layer due to the presence of Fe(III) and fln(IV) 
oxides-hydroxides; In contrast most of the sediments sampled in 
Lofjord, Molvikefjord. and Bolstadfjord are strongly anoxic and corn-
prise organic-riOh, irregularly laminated clays and silts. Certain 
organic-poor horizons in Dolstadfjord and shelly horizons (mainly 
bivalves) elsewhere appear to have originated largely as a result 
of slumping. 
The mineralor and chemical composition (indicated by oxide! 
Al 203  ratios) of the lithogenous fraction of the Oadiments suggest 
that Fernoscandian glacial and post-.glacial clays are their major 
source. In addition 1 Si occurs as diatoms; Ca, CO2 and Sr as 
calcareous skeletal material, largely bivalves; and P is held in 
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organic matter. The only elevaents whose contents: consistently 
d.iffer between oxic and anoxic sediments are orgaiiic C,S and Llo; 
they are all enriched in the anoxic sediments except for the 
slumed horizone in Bolstadfjord. S enrichment has been attributed 
to the presenco of authigenic suiphides including pyrite. That of 
organic C has a more complex origin but is probably related to 
a higher relative rate of organic matter depositión in Bolstad.fjord, 
I.lofjord. and Liolviksfjord and possibly to its less efficient de-
composition under anoxic conditions. In the first instance at 
least No seems to be incorporated into the anoxic sediments via 00-
precipitation with Fe suiphides. 
There are marked surface enrichments of Zn, Pb and sometimes 
of Cu in all but one sediment core (oxic and anoxic). Exceptionally 
no surface metal enrichment oácure in sediments sampled near to the 
mouth of the River Lloelv. Two alternative explanations are given 
for this metal enrichment; they are heavy metal pollution and/or 
a natural recycling process involving the release 'of bound metals - 
during organic matter decomposition in the surfacè sediments. The 
latter is favoured since there is no evidence of any pollution in 
the area. However it is considered likely that elsewhere pollution 
may exaggerate this otherwise natural phenomenon. 
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APPEUDIX A 
General Shipboard Procedure, Sample Collection and Preparation 
i) General shipboard procedure 
The procedure given below was generally follOwed at each 
station although one or more of the steps may have. been omitted at 
any station:- 
Determination of geographical position and water 
depth (p. 94 ). 
Determination of salinity and temperatureTprofiles (p. 100). 
Determination of dissolved oxygen profile'(if 
toxygenmeteri was being ueed; p.  101). 
Water sampling (p. 95 ). 
Coring (P. 97 ). 
ii) Determination of ReogEaphical position and water depth 
There was no need for a very accurate determlnation of geo-
graphical position since sampling etrater was to ccupy one or two 
stations in the central part of each basin in ordCk to determine its 
general geochemical character. Consequently, it ae sufficient to 
ascertain visuai].y the location of each station. Due to the 
narrowness of the fjords, it is estimated that the positions de-
termined in this way are accurate to within ±200m except in Oster-
fjord where the accuracy is probably nearer ±500m. 
An initial determination of water depth at each station was 
obtained with a SIWRAD echo-sounder (depths of water sampling and 
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coring were measured by 
iii) Uater sampling 
An array of four 7.5.1 ••o• 1 polyvinyl chloride/nylon water 
bottles was used to sample water. Immediately onretrieval of 
a bottle, a number of sub-samples were collected. For this pur.-
poso, a plastic-tubing extension was fitted over the bottom tap 
of the N.I.O. bottle in order to minimise bubbling 	During the 
1 971 cruise nitrogen gas was used to flush out the N.I.O. bottles 
when sulphid.e-rich waters were collected, but apparently this did 
not prevent oxidation of the sample (see p.116). Sub-sampling, 
completed within ten minutes of sample recovery, we as follows 
(not all sub-samples were collected in every instaico):- 
in 'oxygen bottle' (one with a ground glás, tapered 
stopper) was filled almost.until.overflowing. The sub-sample 
was immediately treated with imi 11nCl 2 solution antI excess (imi) 
of a KOH/KI solution after which the bottle was stoppered, care 
being taken to exclude all air, and shaken. The sub-sample was - 
kept cool and in the dark until its dissolved oxygen content was 
determined (Jinkler method; p. 101 ), not more tha two weeks later. 
the same type of air-tight bottle was use& to collect 
a sub-sample for dissolved 1123  measurement (p.  101). Again care 
was taken to exclude all air from the bottle whicb'was stored for no 
more than 3 hours in a cool, dark place prior to analysis, 
1 National Institute of Oceanogaphy, now Institute of 
Oceanographic Sciences. 
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a g].ass vessol, specially adapted for pH, Ehand pS 2 
analysis (p. 102), was filled to overflowing directly from the 
U.I.O. bottle. Their measurement was completed within 10-15 
minutes of sample recovery. 
a 250ml reagent bottle was filled and stored in a cool, 
dark place for the determination of titration alkalinity (p. 1 04), 
no more than 24 hours later. 
a sub-sample for nutrient analysis (dissolved phosphate and 
silicate; see p 104) was collected in a separate 250ml reagent 
bottle. Fóllowing storage in a cool, dark place, the analysis was 
commenced within 5.bours of sampling. 
the remainder of each sample was collected in an acid-
washed olyetbylene jerry can following a single xinse with about 
250m1 of the water sample. This sub-sample was 1hen stored until 
filtration which was commenced within 6 hours. Filtration was 
carried out during all three cruises using a S1RPOiIUS vacuum fil-
tration iyatem and SARTORIUS membrane filters (corfiosed of cellulose 
nitrate, pore size = 0.45p, diameter 47mm). th an attempt to 
remove any retained sea salt, the filter papers were washed several 
times with e..-20ml doses of membrane filtered (0.45ii), deionised/ 
distilled water (Ii.D.D.wator). However after'tho detection of 
a halite peak in some diffractograms of 1 970 suspeñded particulate 
matter samples, it became apparent that this washing method was not 
altogether successful and that a correction factorwould have to be 
applied to the analytical results of certain elements (see p. 116). 
After being washed, the filter papers were stored in dry, acid-
washed, LD.D. water-rinsed petri-dishes in which they were kept 
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until analysed. The filtrate was run back into a jerry can and 
weighed in ox'der to determine the amount of water filtered. 
Finally, the pH of the filtrate was lowered to about 2 with 6N 
ARISTAR HC].. 
A drawback of the SARTORIUS filtration systeiü is that it is 
open to the atmosphere, and it was thought that this may have been 
the cause of ;the apparent suiphide oxidation (p. 41 ). In 1972 
therefore, a closed filtration system was used as well. This uses 
a nitrogen gas pressure of 12pai to force sea waté through 
a MJCLEPORE membrane filter (composed of a high molecular weight 
polycarbonato, pore size 0.411 9 diameter = 37mm) and is similar to 
the method emplOyed by Spencer .et sb. (1972). Unfortunately 
filtration by this method did not prvent the occuirenoe of anomalously 
high S coricen ations in samples from anoxic water, but it was 
found that by using NUCLEPORE filter papers it is. possible to remove 
residual .sea salt almost totally by washing. 
iv) Coring 
A etairi1ese Of6el, gravity corer with plastió core liner (66m 
diameter) 	used to sample sediments. In most cases a single core 
was collected at each Gtation for sediment analyei, but at some 
stations an additional core was obtained for intertitial water sampling. 
a) corec .foi sediment analysis: immediately on retrieval of 
the coring device, the plastic liner (traneparent)'t-yas removed and 
the core length (cm), presence or absence of H2S (mell), and general 
lithology of the sediment qore were noted, The plastic liner was 
sealed at both ends with plastic caps, and most of the water overlying 
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the sediment was drained off by boring a hole through the liner about 
4cm above the sediment surface. The core liner was then resealed 
with P.V.C. tape and stored upright until the sediment was frozen 
(in dry ice), some hours later. On their return to Edinburgh, the 
frozen cores were cut longitudinally into half with a CLIPPER 
masonry saw. The newly exposed surface of each half was rinsed 
clean with tap water. One half of the core was used to obtain a more 
detailed lithological description of the sediment (Appendix E) and 
was then removed to a cold store (4°C), resealed in plastic drain.. 
piping, for storage as archive material. The other half was sub. 
sampled. The cores from all the fjords except l3oletad.fjord were 
divided into equal units of either 2, 5 or 10cm as their litholor 
was constant throughout. The sediment cores from Bolstadfjord were 
divided according to lithologica]. units (p. 46 ). Each sub- 
sample was dried at 1100C and then ground (homogenised) to a fine 
powder (200 mesh) using a tungsten carbide TERA disc mill,, 
b) cores for interstitial water sampling: sediment cores for 
interstitial water extraction were initially stored upright and un.-
frozen. Each core was divided either into 10cm unite or into lith-
ological units (in the case of Boletadfjord sediments) as the sedi.. 
ment was extruded from the plastic core liner with a plunger. The 
sediment unite were immediately transferred to nylon equeezere, 
similar to that doccribsd by Reeburgh ( 1967). The pore waters were 
expressed at a pressure (nitrogen) of 60-100psi, collected in acid-
cleaned 250m1 polythene bottles, filtered.through 0.451 SARTORIUS 
membrane filters (using the same system as that described above), 
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and finally taken to pB 2 with 6N ARISTAR fiC].. The interstitial 
water samples were immediately frozen and, together with the 
IsqueezedO sediments, transported to Edinburgh. Pore water ex-
traction was completed within about 12 hours of coring at a temper-.. 
ature which was Close to that in situ (5°C). 
On thawing the interstitial water samples in Edinburgh, it 
became apparent that a brown precipitate existed in most of them. 
The samples were therefore filtered in an identical fashion to that 
used after 'squeezing' (p. 98 ), and the precipitate qualitatively 
analysed by X—ray fluoxesconce. Of the metals to be determined, 
only Fe was detected. Bray et al. (1973) observed the oxidation 
of Fe(II)(aq.) to Fe(III)(s) during sampling of anozic interstitial 
waters. In the present study however, it is evident that pre-
cipitation must have occurred sometime after Osqueezingl as the 
pore water was filtered following this step. Preliminary infrared 
absorption epeatrometry studies (ii. Krom, pers. comm.) suggest that 
the precipitate is composed largely of hurnic material (acid in-. 
soluble). Thus acidification of the samples may have caused the 
precipitate to form. 
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APPENDIX B 
Shipboard ttnalytical flethods 
This section includes details of all analytical methods which 
had to be completed within a short time period after eazplinj. 
Some of these analyses were undertaken in a land-based laboratory 
due to lack ofepace and facilities aboard ship. 
i) Salinity and temperature 
Salinity and tmporature were measured in situ with a N.I.O. 
portable SalinityJ2eznpez'ature Bridge (Type Ti.C.5). Readings were 
possible to a maximum depth of 120m due to the limited length of 
cable that can be used with the type of instrument. 
Salinity and temorature readings were calibrated daily at 
sea against Standard Copenhagen Sea !ater (s% 	35.00) and a lab- 
•oratory, Hg thermometer respectively. Prior to each set of 
measurements, the electrodes were cleaned with mild detergent and 
a testtube brush. Readings were taken as the probe was lowered 
through the water column, and depth was determined by means of metre 
markings on the cable itself which was kept as near to the vertical 
as possible. The estimated precision for temperature determinations 
is 10.2°C, estimated accuracy ±1.00C. During the 1970 cruise, 
temperature readings were erratic so that those values may be ez. 
* + ceeded. Estimated precision for aalnity 3.5 -0.1%, estimated 
accuracy ±0. 
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a) Dirisolved oxygen 
Dissolved 02  was measured by an electrode potential method in 
1970 and  1972, and by the Uinkler (1888) Nothod in 1971- It was 
intended to calibrate the two methods and to use then to complement 
each other, but unfortunately they were never simultaneously operative, 
potentiometric method: dissolved 02  saturation relative to 
that in the surface water was teaaured in aitu with cm'oxygenweter' 
and L2ackereth electrode (Jakereth, 1964) manufactured by QUALIT! 
0NIPOIN0 flZRUrET, London. The system is slightly sensitive 
to temperature variation and turbulence but because the observed 
changes in dioaolvcd 02 were large these factoro could be ignored. 
Readings were taken as the electrode was lowered through the water 
column and depth was again determined by means of metre markings on 
the cable. 1iile re3.ings were being taken, the probe was gently 
moved up and down to ensure a constant flow of sea water over the 
electrode. The latter was kept in clean sea water when not in use. 
!Jinkler !etbod: the Uinkler titrations wore carried out at 
the Geophysical Institute (Avd. A) of Bergen University by Jan Aure. 
iii) Dissolved hydrogen suiphide 
DIssolved 1123 was determined by an electrode potential method 
in 1971 and by a colourimotric method in 1972 ,  
a) potentiornetric method: a silver-silver aulphide electrode 
was prepared from an ACTIVION silver billet electrode and calibrated 
according to Berner (1963) using a saturated calomél electrode as 
reference. The electrode potential was measured with an ORION 
specific ion meter (model 407). Calibration of the silver-silver 
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suiphide electrode was undertaken both before (in F4linburgh) and 
after (at the Chemistry Institute, Bergen University and back in 
Edinburgh) the 1971 cruise (Fig. B.1)9 The calibration line, 
obtained by combining all the points, was used to relate electrode 
potential 	.<, 2- by the following equation (aeswuing 16 109 
is the equilibrium constant for 112S(g) 21I'(aq.) + 
23.9 - 2p11 
A description of the analytical procedure in given belOw. 
b) colourimetric method: dissolved 1128 was determined colour-
imetrically in the land-based laboratory employing the method des-
cribed by C line (1969). A single mixed diamine reagent is used 
comprising N,N.odimethyl..p..phenylonediamine sulphate and ferric 
chloride dissolved in HC1. The author gives a value of ±41 for 
both precision and accuracy. 
iv) DH and Eh (and pS2 
The pH, Eb and pS2 ' of each water sample were monitored sirnul-
taneously aboaH ahip withiu minutes of ewnpling. The glass flask, 
used to collect oub-samplea for this purpose (p. 96 ), was adapted 
to take four electrodes and a Hg thermometer which were all fitted 
with ground-glass collars so that an air-tight seal could be main.. 
tamed. An ACTIVION combination glass electrode was used to measure 
pH and an ORION combination platinum electrode to measure Eh (the 
other two electrodes fitted into the flask were the sniphide electrode 
and the calomel (reference) electrode). Electrode potentials were 
measured using an ORION specific ion meter (1odel 407). Temperature 
was monitored to the nearest 0.1 °C while readings were being taken. 
-662 6.62 8.66 
-680 6.96 7.98 
Calibration 2 	-562 4.91 12.08 
-582 • 5.27 11.44 
-597 5.51 10.88 
-615 5.89 10.12 
-637 6.27 9.36 












Calibration 3 	-560 4.92 12.06 
-574 5.04 11.82 
-580 5.32 11.26 
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X. 	 x 	= Calibration 1. Edinburgh pH pS 
0 	 0 	= Calibration 2. Edinburgh 
0= Calibration 3. Bergen 
Calibration 1 	-532 4.14 13.62 
x -572 4.85 12.20 
0pS= = 	rnV+ 875 -604 5.52 10.86 
-625 5.87 10.16  
o 	x 	 Calculated by least 
fit of all points. 
squares -643 6.25 9.40 	-. 
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Prior to examination of each sub-sample, the glass electrode 
was calibrated against TRIS buffers of pH 74 and 8.0 (Smith and 
Hood, 1964) and the platinum electrode against ZobeU. solution 
(Zobe]l, 1946). The electrodes and Kg thermometer were then in-. 
serted into the overflowing glass vessel, which also contained 
a Teflon-coated, magnetic stirring rod, thus excluding all air. 
Finally the electrode potentials and temperature were measured while 
the sub-sample was being etrred. In between measurements, the 
glass electrode was cleaned in distilled water and the platinum 
electrode with laboratory tiøue. All eióetrodea were stored in 
clean sea water when not in use. 
pH measurements were corrected for the temperature change from 
in situ to laboratory conditions (dp}i/dt -o.oiipi/i°c rise); the 
pressure effect (dpU/dp +0.232pH/1000 bars rise) is negligible at 
all fjord depths (see Li et al., 1969). Fh was corrected for 
temperatuj,e effect and calomel half cell potential according to 
Zobell (1946). 
v) Dissolved phoaphate and silicate 
The terms 'dissolved, phosphate' and 'dissolved ailicatel as 
used in this thesis need to be defined, There are several WV6 of 
ostegorising phosphorus in natural waters (Stumm and Morgan, 1970). 
Here 'dissolved, phosphate' is, more correctly, that part of the total 
phosphorus content which will react with acidified molybdate solution 
within 5 minutes or in other words 'reactive phosphorus' (after 
Strickland and Parsons, .1968). The major constituent of this fraction 
is the orthophophate ion although an unknown, relatively small amount 
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or organic, eoluble phosphorus and that fraction of the element 
associated. with Fe(III) solid, phases (p. 85 ) will also contrIbute. 
Similarly 'dissolved silicate' is a working definition and includes 
all forms of silica that will react to form a silico-inolybdate com-
plex ('reactivesilicate')... Although.not encompassing all forms of 
dissolved silica, .itprobably gives a reasonable measure of the 
amount read.ily available for biological and chemical reactions 
(Strickland and Parsons, op. cit.). 
Phosphate and silicate were determined in unfiltered water 
samples exactly as described by Strickland and Parsons (op. cit.) 
for 	 phosphorus and silicate except that anoxic water samples 
were purged of-their H23 cOntent prior to analysis by flushing with 
nitrogen gas for about 1. hour. The latter was to prevent any possible 
interference by 	on complex formation. Estimated precision for 
the phosphate method is ±0.03 pg at./1, and for the silicate method 
• + 	pg at./l. 
A UNICAN sP600 (series 2) spectrophotometer was used for all 
colourimetric determinations. 
vi) Titration alkalinity 
Pitratiàn alkalinity was determined in the shore laboratory 
using the potentioinetric method of Edmond (1970) which involves 
titrating the sub-sample with HCl in a closed system. An ACTIVION 
combination glass electrode and a PHILIPS digital pH meter (pw 9408) 
were used to measure pH. 0.5 or 1.ON volumetric grade HCl was 
introduced into the specially adapted analytical vessel (see Edmond, 
1970) with a GIL140T micrometer screw burette (2ml capacity) and 
was accommodated in the system by displacement of part of a 5m1 SEGMA 
1 05. 
1u byyodermic yriflo. The tttrction data tio pr0000d 
uaing a proran tsritton by X. Davioo and baced on that dooribd 
+ by rdcond (op. cit.). Tho ctiratcd accuxacy of the cothod ic -2. 
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APPENDIX C 
laboratory Analytical Methods 
This section includes all analytical methods undertaken at 
the Grant Institute of 0aoloy in E4inburh. 
i) Dissolved transition metals (Fe Nn Cu, n and Ni)infjor 
The method (solvent extraction/Atomic Absorption Spectrometry 
(A.a.s.)) used to determine the concentrations of diceolved Fe, Mn, 
Cu, Zn and Ni in fjord and river waters is similar to that of 
Duohart et al. (1973) for trace metals in interstitial waters. 
However, the etendardisatiori and extraction procedures differ 
sufficiently as to require a brief summary. 
4 x 400n1 portions of each sample were transferred into 500m1 
separating funnels. Double quantities were used for blanks (double 
distilled, deionised water). Li dose of 0, 1, 2 and 4m1 of a mixed 
metal standard solution was pipetted into the four portions of each 
sample. lOmi of 6% w/v NaIC tartmte was added to each funnel (to 
keep Fe and Mn in solution at higher pH) and after 10 minutes the 
pH was raised to just over 6 with 2N A.A.S. grade Ammonia. 5m1 of 
10% w/v Aaalar sodium diethyl dithiocarbamate (NaDEIYIYC) was then 
added to each funnel followed by 20e1 of A.A.S. grade 4-Nethylpentan--
2-ono (K.tBK) after a further 10 minutes. The funnels were then 
shaken for 30 minutes and allowed to rest for 20 minutes. The bottom, 
aqueous layer was discarded while the organic layer was L'un into 
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eoppercd silica test-tubes. 
The motel contents of the orjanio uolutiono were determined 
with a VfAI 	ECHTflOI M4/M5  atonic absorption speotrophotoroter. 
Non-atomic absorption was corrected for using a TECIflOfl Eydroen 
Lamp. The analytical precision1 for the various ele1tonts, based 
on 6 replicates, is given in Table C.1. The reason why the values 
are so high, especially for Ni and Cu, compared to the values for 
interstitial water analyeio is that the concentrations were very 
low and in same cases were almost at the limits of detection. 
ii) Dissolved transition metals in interstitial waters 
The method of analysis for transition netale in interstitial 
waters is the same as that described, above except for the volume of 
awnple (50 or 25m1) and reagents used (2m1 of tartrate, 2m1 of UaDEDTC, 
20m1 of LiIBK). In addition it was not possible to employ a standard 
addition method because of the small volume of sample available 
(maximum "103m1), so a set of standards was prepared by spiking 
double distilled, cicioniced water with the original mixed standard. 
It was found that the variation in II131C solubility botwoen saline 
fjord water and distilled water is insignificant irheu such snail 
initial volumes of sample and standard are used. There was also 
very little difference in non-atomic absorption between etandard.a 
and samples. The analytical precision based on 6 replicates is 
shown in Table C.1. 
I Unless otherwise stated precision is expressed as the coefficient 
of variation (V ): 
XCYX . V x 
where cy x = sample standard deviation and i = sample mean. 
TABLE C.1 
Analytical precision for dissolved 
transition metal 2nalysis 
Fjord/river 	Interstitial 
waters waters 
Mn ±5% ±3%. 




Ni 	 ±100% ±24% 
Cu 	 ±100% ±6% 
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Sediment mineralqgz  
The dried, ground (200 mesh) sediment powders (p.  98 ) of 
COres Bo I and Bo 6 were prepared for X-ray diffraction ty being 
pressed into aluminium holders, with a coarse grade WHPSTI4AN filter 
paper placed between the holder and the press. The purpose of the 
filter paper was to ensure that a randomly orientated sample was 
obtained. A Fl LIPS X-ray diffractom.ter (Pw 1011/1050) was 
employed With Ni filtered Cu radiation (Cu Ko)e each sample was 
scanned onee from a high (400 20) to.a low angle (40  20). The 
halite reflection (2.821) was used as an index peek because it was 
present on every, diffractogram and was sharp. The criteria used 
for identification are indicated briefly on p. 47 
Malor elements in sediments 
Most major elements (Ca, IC, Fe, Ti, Al, Si, Ng, P and Mn) were 
determined by X-ray fluorescence spectrometry employing an analytical 
method similar to that described by Rose at al. (1963)4 Vith the 
exception of fln, which was analysed on a PHILIPS FW 1540 single-
channel spectrometer, all the elements were determined using a PHILIPS 
P?.'I 1212 multi-channel spectrometer. 
A mixture of dried, powdered (200 mesh) sediment, lanthanum 
oxide (heavy absorber) and lithium tetraborate (flux and dilutent) 
in the ratio 1:1:8 was fused at 10500C for 20 minutes, when cool, 
the fused beads were made up to their original weight by further 
addition of Li2B407, thus compensating for the loss of volatil-es. 
The samples were then reground in a TE!MA tungsten carbide disc mill 
for 2 minutes and redried. at 110 0C overnight. Finally the samples 
109. 
were pelletteed at 15 tona preenure for one minute with boric 
acid as bacinjj material. Otandards 2  were prepared in an 
ilenttcal manner. The ot3ndardo and aaxnples were analyced in 
sets of four, one of which was an internal standard so that machine 
drift could be monitored and corrected. Instrument conditions for 
each element are summarised in 'table C.29 The output from the PW 
1212 opeotroceter was in the form of punched tape which was jro-
ceased (Bee /ipleton, 1970) to give major element concentrations 
using the facilities of the Idinburgh Iegional Computing Centre 
(iCC). Output from 'the Pt1 1540 spectrometer (U.n analysis) wan 
always processed manually. The analytical (18 replicates of one 
disc) and overall '(6 independently prepared disco) pr.ciaions of 
the method are ohown in Table C.3. 
v) Sulphur and chlOrine in aedimenta 
S and Cl were analysed by s—ray fluorescence epeotrometry 
employing an unfused mixture of sample, La20
39 
 and !4 2B407 (all dried 
at 1100C) in the iatio 1:1:4. The mixture was homogenised by re-
grinding in the TZM& d.tso miii (1 minute), dried at 110 0C and 
pelletteed as described for the manor elements. Special standards 
were prepared by spiking a finely ground (200 mesh) shale with known 
amounts of NaCl and L5304. Instrument conditions are a'ui3ariBed 
2 A combination of international and departmental standards was 
used for all X'.rsy fluoz'eacencá work. In the case of the 
major eleuente, the standards are the ones marked with an 
asterisk in Table C.4 and U.hG.h Standards as indicated in 
Table C.5.' In is exceptional in that standards 98(a), E3, 
T-1, and El were employed. 
• 	 TABLE C.2 
Instrument conditions for X-ray fluorescence analyses 
E1cment 	Machine ,. and line nter (v) 	L.L. C.W. Act. 	les 
Tube kV mA Crystal 	Peak ° 	Background(s)* Method Cou- EHT Discrimination eye- C.T. 	.o1l. Vac. 	S.P. 	Notes 
Al Km 1212 Cr 60 24 PET 144.95 - Rose F 1700 A A A 40 3 C Yes F 
Ca Ka 1212 Cr 40 8 PET 45.19 - Rose F 1700 A A A 20 3 F Yes F 
CI Km 1540 Cr 50 32 PET 65.36 - S F. 1775 1730 3.702' 20 5 C Yes U 
Cu Km 1212 W 80 24 LiF(200) 44.97 44.55, 45.50 Ray S 1000 A A A 40 3 F No PD 
Fe Km 1212 Cr 60 24 L1F(200) 57.60 - Rose F 1700 A A A 20 3 F Yes F 
K Km 1212 Cr 60 24 PET 50.68 - Rose F 1700 A A A 10 3 C Yes F 
Mg K U 1212 Cr 40 32 AD? 136.85 133.85 Rose F 1700 A A A 100 3 C Yes F 
Mn Km 1540 V 60 24 L1F(200) 63.12 - Rose F 1700 A A A 20 3 F Yes F 
Mo Ka 1212 V 80 24 LiF(110) 28.92 27.92, 29.92 Rey S . 1000 A A A 40 2 F No PD 
Nb K .1212 V 80 24 L1F(110) 30.44 29.82, 30.92 Rey S 1000 A A A 40 2 F No PD 
Ni Km 1212 V 80 24 LiF(200) 48.65 48.00 Rey S 1000 A A A 40 3 F No PD 
P Km 1212 Cr 60 24 PET 89.47 87.47 Rose F 1700 2.40 3.00 2' 40 3 F Yes F 
Pb L 1212 V 80 24 LIF(200) 28.22 27.92, 28.62 Ray S 1000 A A A 40 3 F No Pb 
Rb Km .. 	1212 W 80 24 LiF(110) 38.00 36.92, 38.52 Ray S 1000 A A A 40 2 F No PD 
S KU 1540 Cr 50 32 PET 75.63 - . S F 1775 1.55 2.20 2' 20 5 C Yes U 
Si Ka 1212 Cr 60 24 PET 109.12 Rose F 1700 A A A 40 3 C Yes F 
Sr Ka 1212 W 80 24 LiF(110) 35.86 .34.92, 36.92 Ray S 1000 A A A 40 2 F No PD 
Ti Km 1212 Cr 60 24 LiF(200) 86.26 - Rose F 1700 A A A 10 3 F Yes F 
Y Ka 1212 W 80 24 LiF(110) 33.90 32.92- 34.92 Rey S 1000 A A A 40 2 F No PD 
Zn K a 1212 W 80 24 LiF(200) 41.76 41.25, 42.25 Ray S 1000 A A A 	. 40 3 F No PD 
Zr KO 1212 W 80 24 LiF(110) 32.09 30.92, 32.92 Ray S 1000 A A A 40 2 F No PD 
Corrected for Rb K 
Corrected for Sr K 
* When there were two backgrounds, their counting times were half 
that for the peak. 
Method: Rose = adapted from Rose at al. (1963) 
Ray - adapted from Reynolds (1963) 
S 	special technique using 1:1:4 unfused discs 
Counter: F. 	Flow 
S Scintillation 
Discrimination: A 	Automatic 
Counting time per cycle (C.T.): 
Collimator (Coil.): 	C 	coarse 
F fine 
Sample preparation (S.P.): F 
U 
PD 
expressed in seconds 
fused 1:1:8 mixture 
unfused 1:1:4 mixture 
pressed discs of pure sediment 
powder 
TABLE C.3 
Precision of X-ray fluorescence analysis of sediments 
Element 	Analytical precision 	Overall precision 
of method 
Al. ±1% ±17 
Ca ±1% ±1% 
Cl ±27 . 	 ±3% 
Cu. ±3% . 	 ±4% 
Fe ±2% ±2% 
K ±1% 	. ±2% 
Mg ±6% ±7% 
Mn ±1% ±5% 
Mo ±5% . 	 ±5% 
Nb ±12% 	. ±12% 
Ni ±5% 	. ±5% 
P ±8% . 	 ±8% 
Pb ±6% ±6% 
Rb . 	 ±5% ±6% 
S ±2% ±2% 
Si ±1% 	•. ±1% 
Sr . 	 ±3% ±3% 
Ti ±2% . 	 ±4% 
Y ±6% ±67 
Zn ±1% 	. ±1% 
Zr . 	 ±2% ±3% 
TABLE C.4 
Standards used for X-ray fluorescence spectrometry 
Code Type 	of material Reference 
G-2 1 granite Flanagan 	(1969) 
GSP-1 1 granodiorite ditto 
AGV-1 1 andesite ditto 
DTS-1 1 dunite ditto 
BCR-1 1 basalt ditto 
PCC-l 1 peridotite ditto 
G-1 1 granite Fleischer 	(1969) 
W-1 1 diabase ditto 
98(a) plastic 	clay U.S. 	
National 	Bureau 
of 	Standards 
l()* argillaceous ditto limes tone 
T-1 tonalite Thomas 	(1963) 
El 2 * ferrogabbro G.R. 	Angell 	(pers. 	comm.) 
E2 2 * basalt Clarke 	(1969) 
E3 2 * fjord 	sediment Doff 	(1970) 
5202* basalt Clarke 	(op. 	cit.) 
6292* basalt ditto 
6302* basalt ditto 
N 3572* 	 basalt 	 Jamieson (1969) 
QMC I 3* 	 dolerite 
1 	U.S.G.S. Standards 
2 Grant Institute of Geology standards 
3 Queen Mary College Department of Geology, Geochemistry 
Laboratories. 	A Third Report on the Standard Rocks 
QMC I 1, QMC I 3, QMC M 2, QMC M 3. 
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U.S.G.S. Standard values 
used for X-ray fluorescence spectrometry 
AGV-1 DTS-1 BCR-1 
58.99 - 54.48 
17.01 - 13.65 
6.80 - 13.50 
1.49 - 3.28 
4.98 - 6.95 
2.89 - 1.68 
1.08 - 2.23 
0.48 - 0.36 
0.09 - 0.17 
62 5 20 
20 - 10 
22 - 18 
36 12 15 
70 - 48 
720 - 340, 
24 - 44 
82 44 115 
240 - 180 
PCC-1 G-1 W-1 
- 72.64 - 
- .14.04 - 
- 1.94 - 
- 0.38 - 
- 1.39 - 
- 5.48 - 
- 0.26 - 
- 0.09 - 
10 - 110 
3 - 10 
- 
- 78 











in Table C.2 and the precision (based on sets of 6 roplicatos) of 
the method is shown in Table C.3. 
vi) Car],onate LCQ,Iand total..0 in sedimento 
Total-C content was determined by combuating a known weight 
of dried (1100C), ound (200 mesh) sediment in a LEC03 induction 
furnace (model 521-200; fitted with a catalyst furnace (model 507 
100) and sulphur and dust traps) and measuring the amount of CO2 
evolved with a tC0 carbon analyser (model 572-100). The analytical 
procedure is fully described in the LECO intructiou mnil. The 
accuracy of the instrument was checked at the beginning of each set 
of readings using LECO steel rings of known carbon content. The 
overall precicion of the method is estimated to be 2:3 from 5 re-
plicate anai..ynes. 
Carbonato.C. was determined using a QUIC11?IT roaction flask, 
condenser and water trap (cone. U2 04) in conjunction with the LECO 
carbon anal.yser. Ietween 0.05 and 3.00g of sedimant (depending on 
expected 002  contot) teas weighed into the reaction flask. 2m1 of 
a 5% w/v ferrous sulphate solution (to prevent hydrolysis of any 
organic matter) and 2m1 of distilled water were added to the flask, 
which was then fitted to the base of the condenser. a slow stream 
of oxycn was passed through the canple mixture (to flush out the 
c02) and 3ml of 2N EC1 was added. The flask was thn warmed gently 
until boiling when the oxygen flow rate wan increased somewhat. 
3 Laboratorr Equipment Corporation 
111. 
Uhon the riain raceivinG f1k in tho LC0 carbon 8naLycor us 
empty of red liquid, the ficu of oxygen wac oto>ped and tho burette 
comp].etely drained of red liquid by turnij the valvo to 'exhivat'. 
Pinally the acount of 002  evolved wac meaeured (ccc LtCO instruction 
manual). Tho accuracy of the cethcd wac checlod at the start of 
every batch of determinations uaina a tmot.m rolGht of dried (1100c) 
reagent rado. C!e03 , and the overall precicion 'aa determined from 
6 replicates to be ..3. 
Cranic-C was cweuned to be equivalent to the difference 
between total-C and carbonate-C as measured above. 
vii) Piace eleuto in cedimento 
Trace eloceato (Cu, to, Nb, Vip Pb, Rb, 3r, 7, Zn and Zr) in 
the sediments were lEeoaurod by X-ray fluorescence opeotrccetry 
(invariably the RJ 1212) eipployine the method of LIoynolda ( 1 963). 
4a of each soclicent sample (dried at 1100C, 200 cooh) Wam pclleticed 
(p. 1 09). ¶heir case absorption coefficiento (and those of the 
standards) we'e thm coticated by meaouring the intonitteo of the 
Compton scattered portion of a MOKa primary beam (instrunient (u 
1540) conditions:-. tube at 60kv 9 21mA; or'yetcl: LiF(200); 
pook: 21.130; counter: scintillation, fl.1I.T. = 800v, lower level 
2.35, windc 	3.559 attenuation 2 0 ; countina con&iticno: 
constant count (io) code used, 5 cycles; no vacuum). The method 
deviated from tbat of 1eynoldo (op, cit.) in that a number of U.S.0.. 
$tandardu were used (Gee Table c.5) inoteed of one. Samples and 
standards wero run, in a cimilar way to that deocribed for major. 
element analycic. The spectrometer conditions are summarised in 
112. 
¶?ablo C.2, Otr4ht line calibration curves wero constrotod 
by havA and the appropriate paraxiietero inserted into a prora, 
which was uccd to procoso the punched-tape outpat t,ith ERCC facilities. 
The analytical and overall precision (able C. 3) of the method were 
determined, reccctively, from 6 replicates of the oao disc and 
6 dices indeperi.ently prepared from one ceriple6 
ToW weight of eupended particulate matter 
In 1971 the total weight of auspended particulate matter was 
determined gravimetrically. Preweighed 	01IU membrane filter 
papers were need for filtration (p.  96 ). On returning to the 
laboratozy at , Ldiubur6h. the papera were dried in a desiccator and 
then euilibráted with atmospheric conditions in the balance room in 
which they had oviinal].y been weighedo ffter a period of about 
36 hours the papero 
I
wore reweighed. Uo great accuracy or precision 
is attributed to those results becauae there was a variable weight 
loa by the filter papers as a result of the filtration process 
(see Spencer ot al. 9 1972) and the filters invariably possess aon-
siderablo static charge. 
 
The chemical analysis of suspended particulate matter was 
undertaken ui3in a thin file X-ray fluorescence technique (M 1212 
spectrometer). Orieieal stendards were prepared from 3 contrasting 
rock types (a basalt, a manganeae-rich siltetone, and a reywacké) 
of known chemical composition. A !!cCRONE flICRONISINO MILL was used 
to grind the dried (1100c), ground (200 mesh) rock powders even finer, 
113. 
ani only that fraction betwoen -'l'-5i wac ec1oycd for 3t3ndard 
roparation. Vario- i acountu (riaxiznvi 5n) of the atan&wde were 
woiChod into alaoo r--Oidliaz bottleo to vlich "2Oi1 of ditti11ed/ 
(Icionised, tebrno filtered water wao aMed., 	b bottle v 
then placed in an ultrasonic cleaninrj bath (LLcLii 	wxcc) 
in orler to bDzoCenisa the cuercasion, The rcaUtina diocreion 
wan trawferrca cntittive] to a beaker containing 41 of 
dti11od/deioried, membrane filtered water. Thiø cecond dia-
persiom iria i.xed with a 1ace rod prior to io qtlaatitativo fil- 
tration throuli a OLM21US membrane filter (p. 96 ). Pinafly the 
filter papere. txero dried in a deuicoator. Deapite the matrix 
variation etreea the 3 rocks, a linear ro1attoflhip between ccc-
trouieter reeponee and element concentration wan obtained except for 
the lighter elcrentc nar the upper limit of the t'oiht ranjo used 
(i.e. '5mg). 
A aecond, more comprehensive sense of atandarde was prepared 
from the mangcneeca.nioh siltetone and the reywaohé. Fi. C.1 
shows that linearity exists between instruont reoponee and K con.' 
centratton up to 4.5mg at least, whereas there is a diveronco from 
linearity in the case of Mc (the lightest element analysed) above 
about 2mgo 	be latter is also true for a and Si although in the 
case of F, deviation from linearity is neg1igtbleup to 4.5nj. 
With the exception of the anolone particulate matter samples 
collected from the enozic waters of Bolwtadfjord (see p. 41 ; their 
greatest amount of particulate matter is 4.6mg), the amount of 
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114. 
ccocdz 21. cox'tuitouDly the flay rate of fjord watero through 
a SAINC-RM7 nenbrnc filter becace Co alow when about 2mt of 
caterial covered the parer that filtratica wac Gencrally halted 
at thie state. 
For routio malyoicp 6tandar&3 end ecleG were run in t!e 
usual Way (p. 109) but with cel1uloe baoLlmr, dice. Inutrument 
conditions diferciclthtly from thoce inaicated in Table C.2 
(Ca: tube at CCY, 24in; Ti and : counting time per cycle 
20 oaccLida; Mn: counting time per cycle me 40 aeconda l background 
used (60.520); 5: tube at 601-.v, 24mL, counting time per cycle 
100 seconds, çollittor coaz'ss, bftok8round used (73.42 0); 
Cl: tube at 601ff, 32u, counting time per cycle = 40 seconds, 
baolrouM uc (63.100);  as Cl, 0 and 1!in were all jr1ysed with 
the 1212 epeotrooter, the diecrimination was automatio and counter 
1700V). Synthetic standards were prepared for Cl (from 
mercurous chloride), and..SU I (a 3psctro800py Society of Canada 
Standard) w& emloyed for S otandardieation. Straight line.cal-
ibration curvoc were plotted manually for all elements and the 
appropriate parareters fed into a zogran used to process the data 
(!RCC facilitiec). It was necessary to correct the Ca peak intensity 
for a considerable contribution from the filter paper itself and 
some other peak intensitie, for differences in b1nk values between 
the three possiblo sarple positions in the spectrometery 
nLficsnt loss of S (in the case of samples from the anoxic waters 
of Boletatfjord) and a slight lone of Cl were noted with length of 
time that the sunples were nubj.cted to analysis. These two 
TABLE C . 6 
Precision of suspended particulate matter analyses 
Element Analytical Relative 
Deviation+  between 
Precision 1971 	and 	1972 	results* 
Al ±1% ±6% 
Ca ±20% ±26% 
Cl ±20% 
Fe ±4% ±7% 
K ±6% ±12% 
Mg ±9% ±6% 
Mn ±3% ±10% 
p ±10% ±22% 
S ±1% ±29% 
Si ±1% ±8% 
Ti ±4% ±10% 
* A completely different set of standards were used 
in 1972. 
+ Relative deviation 
where p = difference between each pair of duplicate 
analyses expressed as a percentage of the mean of 
the pair; n = number of analyses. 
11 50 
oloconte were tILeroforo the firot to be oxilyoed. The an3lytiOai. 
recieion (exreoaed in terw of relative deviation and bazed on 
9 duplicate cni.lyce). and the relative doviatict botween 1971 and 
1972 resultu (oeU on 6 duplicate analyces) are ohown in 2ablo M. 
Mjneraloky of jzap.nded particulate matter 
The mineral content of the 1970  and 1971 pazticulate matter 
aampl.s was partially identified by X-ray diffraction (see V. 108 
for instrument conditions). The filter papers were prepared by 
stickiwz a frajznt ('i x 1cm) of each to a glass slide with silicone 
grease. 3eop. 32 for criteria used in mineral identification. 
Scannini elgotron mioro8copy 
A 84 S'0C1J scanning electron microscope was employed in 
the partial identification of suspended particulate matter cou- 
titusnta. The work was carried out at the )epartment of Electrical 




rorra,hio an hydrohemjca], data (see Table D.1) 
Denaity- (a) was calculated from the totioature and salinity 
data fo1].owtnj the computation outlineii in Lnudeen's (1901) 
'Iydrographioal tables'o 
Guspendod particAl -aAg mptter and disrnlved metal data 
(ses Table l.2) 
he. analytical concentrations of 3 l 4, Ca aid K in eusendM 
pazliculate ntter cuplea, collectesi during 1971 and  19720 were 
corraoted for the contribution from retained coa ealt as follows:- 
0.0465 
• 	(ana1.) 	- 	0.067 Z Cl 
Ca 	Ca, 	 - 	0.021 x Cl 
I 	 - 	0.02 	Cl anal.j 
¶to total wei -Jit of cuncMcd ;az'ticulate r2attor, co siotrQinc 
rvicotrically, ic also Corroctci for roteincd c 
total 2ciht 	total eicht(al) - 1 •304 x Cl 
3ediment data (see ¶i?able 1) .3) 
All th seslitnent data is salt oorrectesl (eec Dofr j 1970). 
Thn waalyiio4 concentrations of S, KED S Cat), k2o  (in wt.3) and 
or (in ppm) were correcte& for the contribution from sea salt 
as followsss. 
S 	a 	 - 	0.0465 x Cl 
I 17. 
0.11 z Cl 
-ln •J 	
0.03 x Cl 
I20 	L20(aflal) 0•05 Z Cl 
Cr - 	4.21 z Cl 	- 
The dittion oi''oct of the olt wo r-ccvmtcd for by caliiplyinZ all 
olecent eo2cQtrtion by 1C3/1C 	1.0-04 z Cl. 
1e 'tcticticcl Fo for the Cocial Ccioico' () 
(pie ot el., Iç73), t1ioh io available in tho XEU 370/155  coputer 
at the 	nbi 	oncl ComputiuE Centro, c cyo. for all 
otatietical 	utctionc (non, rnje, correlation . coefficieuto, etc.). 
Correlation ecQfficiori.ta were calculated wina, the non-páracetric 
Ken8all Rakcothod( (Table D.4). 
In Chajt-o? 6, the sediments uero divided into five 1itholoical 
type. The 	tioltidod in each group arc ao follore:- 
ir±er of awe 3az'ip1ei 
1 9 	oa1'anodc sed.iznents 	10 4C1)S 	0.-80 	 8 
(76 sp]e) 
110 7(2)3 0-130 12 
No 8 0-20 4 
40-50 2 
o10 0-41.5 8 
io14 0-45 9 
10 49 0-10 3 
Plo 34(2)S 50-80 3 
Bol 0.20 6 
22-40.5 2 
1 0 
Mormalt anoz.io Qedimenta 
(oonti) 
2. Orgcnio per anoxo 
(ii 	u1o) 
3, 3he1Ir anodc cedimente. 
(29 aaiip1ou) 
Coro !th ____ Tzboi' of 
- c11_ 
Do I 53.5-90 4 
93.i.105 2 
106-120 1 
Bo IA 0-39 5 
46-82 6 
Io2 0-21 1 




Io 1t 39-46 1 
Vo 21t 24.5-26.5 1 
44.5-46 1 
63.565 I 
o 6 35-38 1 
8o-86 I 
o 8 20-35 3 
50-57.5 2 
£0 14 45-50 1 
flo 26 0e75 15 
Lo34 0-8 3 
Eo 34(2)5 0-50 5 
1 19. 
Core tTunber6 of 
mtC) Sap1es 
In-rich anozic Bo 2 21-83 7 
nodiricnte 
(37 ciapIei) Bo 	21 0-2405 7 
26 .5-44.5 2 
46-63.5 2 
65.5-85 2 
flo 	6 0-80 17 
(ic sedimnto Io 22 0-14 7 
(21 cianp1cz) 
1o23 0-10 2 
• 
£Io42 0-10 5 
Mo44 0-10 2 
!o45 010 5 
Total 174 
TABLE D.1 
Hydrographic and hydrochemical data 
' Station 	Depth 	 T°C 	at 	02 	Station 	Depth 	S 	T° C 	 02 
and Date (m) aturation 	and Date (a) caturation 
• 	 Jo 	8 0 1.CO 4.20 0.84 100.00 N o 23 0 8.78 5.30 6.99 ioo.c'o 
1970 1 1.20 3.90 1.00 100.00 1970 1 18.93 5.75 1 4.96 97.00 
2 9.25 6.40 7.30 100.00 2 23.57 5.37 18.64 97.03 
3 15.30 6.42 12.05 100.00 3 26.72 5.25 21.13 92.00 
4 16.60 6.78 13.04 100.00 4 28.89 6.40 22.71 100.00 
5 19.15 6.81 15.03 98.00 5 29.33 6.55 23.04 95.53 
7 21.40 6.42 16.83 98.00 7 29.68 6.50 23.32 100.00 
9 22.55 6.8o 17.70 97.50 9 29.97 6.50 23.55 99.00 
11 23.50 6.0 18.44 99.00 11 30.02 6.45 23.60 98.50 
13 24.50 6.70 19.24 97.00 13 30.12 6.55 23.66 99.00 
15 25.00 6.78 19.62 96.30 15 30.17 6.75 23.68 99.50 
• 17 26.25 6.75 20.60 92.50 17 30.22 6.80 23.71 98.50 
19 27.40 6.80 21.50 85.50 19 30.27 6.45 23.79 98.50 
21 29.05 6.00 22.89 80.00 21 30.42 6.45 23.91 98.25 
23 30.40 5.20 24.04 65.00 23 30.42 6.50 2 3.90 98.00 25 30.60 4.95 24.38 56.50 25 30.52 6.55 23.98 	- 98.00 
30 31.25 4.70 24.76 45.00 30 30.62 6.60 24.05 98.00 
35 . 	 31.50 5.18 24.91 37.50 35 30.76 6.70 24.15 97.00 
40 32.10 5.00 25.40 32.00 40 30.91 6.80 24.25 97.50 
45 32.16 5.60 25.38 29.00 45 31.01 6.80 24.33 96.00 
50 32.30 4.80 25.58 25.50 50 31.69 6.85 24.86 94.75 
• 60 32.30 4.80 25.58 22.50 60 31.96 6.75 25.08 86.00 
70 32.33 4.80 25.61 22.40 70 32.94 6.75 25.85 64.50 80 32.35 4.80 25.62 24.00 80 33.64 6.75 26.40 51.50 
90 32.37 4.80 25.64 25.50 90 34.03 6.85 26.70 47.00 
• 
. 	 100 26.50 100 . 51.50 
110 28.00 110 50.00 
120 . 27.50 120 50.50 
130 2 7.50 130 . 51.00 
140 28.00 140 50.50 
150 21.80 . 	 150 51.50 
160 20.50 16o 51.00 





o 	.7 0 1.32 5.35 1.07 100.00 Mo 34 0 1 0.45 5.27 100.00 
1970 1 4.67 5.60 3.72 104.00 . 	 1970 1 19.10 5.40 105.00 
2 13.82 5.60 10.95 108.00 2 22.00 . 100.00. 
3 19.71 5.62 15.58 105.00 3 2 3.50 90.00 
4 20.42 5.85 16.12 104.00 4 25.20 86.50 
5 21.44 5.92 16.91 104.00 5 26.50 88.00 
7 22.66 6.00 17.86 102.00 . 7 . 	 2 7.40 92.00 
9 23.57 6.05 18.57 . 	 102.00 . ., 9 28.45 89.80 
11 24.28 ' 	 6.15 19.12 100.00 . 11 30.10 • 89.00 
13 24.69 6.21 19.59 97.00 13 30.40 . . 88.00 
15 25.45 6.22. 20.03 96.50 15 30.50 ' 88.00 
17 ' 	 26.42 6.22 20.79 94.00 . 	 17 30.60 86.00 
19 28.09 6.25 22.10 86.00 19 30.70 86.00 
• 21 30.38 4.40 24.10 75.00 ' 21 30.95 80.00 
23 30.89 4.45 24.50 66.50 23 32.50 57.00 
• 25 31.50 4.40 24.99, 59.00 25 33.85 45.00 
30 31.95 4.50 25.34 49.00 30 33.97 . 42.20 
35 32.57 4.50 25.83 43.50 	. 35 34.04 , •' 	 39.80 
• . 	 .40 	'' 32.64 5.16. 25.81 40.00 •. 40 34.09 ...' 28.00 
45 3278 5.28 25.91. 34.50 . 45 34.14 ' 	 . 20.20 
50 32.82 5.55 25.91 30.50 	. ' . 	 50 34.22 20.50 
60 32.87 5.75 25.92 30.10 6o 34.24 • 20.40 
70 32.92 5.40 26.01 30.50 . 70 34.24 . 	 . 20.20 
80 32.92 3.70 26.19 31.10 80 34.18 • 20.00 
90 32.94 3.95 26.18 	•' 31.50 90 34.16 19.60 
100 . 	 . 32.10 100 19.50 
110 . 32.40 	. . 110 . ' . 	 19.40 
120 33.10 . . 	 120 . .19.10 
130, 34.00 130 18.95 
140 . ' 	 . 34.50 •: 140 . • 18.80 
150 . 34.50 150 . . . . 18.50 . 
160 • . 35.20 . . 160 . . 18.20 
170 . 	 ' 	 . . 35.50 170 ' 17.60 
180 . . 35.50 . - 	 • 180 . 	 . . 	 . 17.10 
190 , 16.75 
200 • ' • : 21.00 • 200 • . 	 . 	 , 16.30 
210 	• . 	 • 6.50 • • 	 210 ' ' • 	 6.00 
• • 	 . 220 • • 15.50 
233 ' 
• 
' • 15.00 
• • 240 • 	 • 	 • , 	 . 	 • ' 	 • 14.70 










Mo 49 0 1.85 12.57 0.93 6.78 +453 
1911 1 1.85 12.45 0.95 '7.86 
2 7.00 12.93. 4.87 7.29 +473 
3 10.90 12.93 7.87 
4 12.40 13.00 9.02 
5 13.30 12.95 9.72 8.16 +434 8.23 	8.21 
7 17.20 12.50 12.79 
9 19.55 12.25 14.64 
10 8.09 7.48 	7.82 
11 21.20 12.03 15.94 
13 22.80 11.25 17.30 
15 24.35 10.25 18.66 7.77 +435 7.27 	7.56 
17 27.10 9.05 20.97 
19 28.15 8.38 21.88 
21 28.60 8.15 22.26 
25 29.15 8.00 22.71 7.60 +452 4.70 
30 29.60 7.93 23.08 
35 30.40 7.85 23.71 
40 31.40 7.90 24.49 7.11 +382 1.03 
45 31.60 7.90 24.64 
50 31.80 7.95 24.79 . 
60 32.00 . 8.00 24.94 7.26 +456 1.00 
70 32.10 8.00 25.02 
80 32.14 8.05 25.05 7.22 +467 0.60 
90 32.16 8.05 25.06 
100 32.19 8.05 25.08 
105 7.19 +467 0.76 
110 32.20 8.05 25.09 
115 32.10 8.15 25.00 
120 32.10 8.15 25.00 7.23 +447 0.68 
130 7.25 +402 1.15 
140 7.24 +462 0.74 
150 . 7.23 +437 0.58 
160 7.18 +462 0.79 
170 7.23 +462 0.78 
18o 7.21 +427 0.63 
200 7.24 +447 0.20 
Bo 	2 0 1.40 13.60 0.45 6.52 +348 7.79 
1971 1 1.40 13.45 0.47 
2 1.40 13.35 0.48 
3 1.40 13.20 0.50 
4 1.40 13.15 0.51 
5 1.40 13.15 0.51 
7 1.40 13.00 0.53 
9 1.40 12.85 0.55 
10. 6.55 +413 8.28 
11 1.45 12.70 0.60 
13 1.55 12.60 0.69 
15 1.60 12.40 0.76 
17 1.75 12.40 0.87 
19 2.25 12.85 1.20 
20 7.21 +407 6.47 
21 3.25 10.35 2.27 
23 12.90 7.10 10.11 . 
25 16.00 6.60 12.58 
27 19.20 6.50 15.10 
30 19.75 6.45 15.54 7.00 +398 3.85 
35 20.05 6.20 15.80 
40 20.35 5.85 16.06 7.11 +398 4.65 
45 20.65 5.85 16.30 
50 20.70 5.85 16.34 7.06 +388 3.97 
6o 20.95 - 5.85 16.53 6.98 +399 3.21 
70 21.15 5.85 16.70 6.79 +389 1.80 
80 21.20 5.85 16.73 6.76 +388 1.80 
90 21.25 5.85 16.77 6.79 +394 2.91 
100 21.30 5.85 16.81 6.73 +394 1.00 
110 21.35 5.85 16.85 6.63 +393 0.70 
115 21.35 5.85 16.85 
118 . 6.68 +388 0.70 
120 21.25 5.85 16.77 
123 1.00 
124 6.69 +389 0.40 
127 0.70 
129 1.80 
Table D.1 continued 
Station Depth s%. 
aid Date (m) 
Bolstadfjord - 0 1.60 
inner threshold 2 1.60 





Station Depth To C S% 
at and Date (in) 
Stamneshella 0 13.40 6.10 4.10 
Harbour 1 13.40 6.50 4.41 
1971 2 13.25 9.60 6.82 
3 12.80 28.60 21.51 
4 12.35 30.00 22.67 
5 12.00 30.50 23.12 
7 -11.40 31.00 23.62 
9 11.00 31.20 23.84 
11 10.70 31.40 24.05 
15 10.25 31.80 24.44 
20 9.80 32.29 24.89 
25 9.40 32.75 25.32 
30 8.80 33.70 26.15 
35 8.50 33.98 26.42 












Bo 	3 42.5 6.82 +258 3.05 -510 14.31 
1971 45.0 6.81 -i-388 3.12 -440 17.06 
47.5 - 6.77 +279 1.80 -520 13.92 
50.0 - 6.65 +298 0.70 -520 1 3.92 
52.5 6.77 +113 0.70 r540 13.06 
55.0 6.69 -'-43 0.20 -560 	- 12.29 
57.5 - - 6.70 +43 - -570 11.90 
• 60.0 6.70 +18 - -580 11.52 
• 65.0 6.68 -3 - -580 11.52 
70.0 6.67 -2 - -590 11.14 
78.0 	- 6.68 +13 - -590 11.14 
Bo 	1 0 1.02 12.30 0.30 5.98 +553 7.53 -455 16.47 
1971 1 1.02 12.30 0.30 
2 1.02 12.30 0.30 - 
3 1.02 12.30 0.30 .- 
4 1.02 12.30 0.30 - 
5 1.02 12.30 0.30 6.43 +309 7.72 -470 15.88 
6 1.02 12.30 0.30 
7 1.02 12.30 0.30 
8 	- 1.02 12.30 0.32 
9 1.02 12.20 0.32 - 
• 10 1.02 12.20 0.32 6.21 +384 7.47 -560 12.29 
11 1.02 12.20 0.32 
12 1.02 12.15 0.32 - 
13 1.02 12.05 0.33 
14 1.07 12.05 - 	 0.37 
15 1.07 12.05 0.37 6.67 +314 7.99 -480 15.49 
16 1.12 12.00 0.42 
17• 1.12 12.00 0.42 
• 18 1.28 11.75 o.6o 
19 1.63 11.63 0.89 
20 2.04 11.20 1.25 6.81 +386 7.38 -565 12.10 
22 3.77 8.30 2.84 7.13 +358 7.12 -505 1 4.50 
23 11.32 6.45 8.91 - 
24 14.40 5.95 11.38 
- 25 15.90 5.85 12.57 	- 6.96 +219 5.99 -450 16.67 
27 19.35 5.80 15.28 
29 20.65 5.75 16.31 
- - 
	 30 6.86 +322 3.53 -570 11.90 
31 20.80 5.60 16.44 - 
- 33 	- 20.90 5.60 16.52 
-35 21.00 5.50 16.6o 6.71 • +193 3.42 -525 13.73 
40 21.10 5.40 	- • 16.69 6.62 +38 3.93 -570 11.90 
45 	• 21.20 5.30 16.78 +236 
• 	 50 21.40 5.30 • 	 16.94 6.65 +298 0.70 -600 10.75 
55 21.50 5.35 17.01 6.66 493 	- 0.20 -620 9.99 
• 60 21.70 5.40 17.16 6.66 +18 -640 9.22 
• 	
• 65 -21.75 5.40 17.20 • 	 6.6 -67 • 	 -610 - 	10.37 
• 70 	- 21.85 5.40 17.23 6.63 -37 -630 5.60 
• 75 21.85 5.37 17.2 6.61 • 	 -67 -620 
8o 	• 21.85 5.35 17.29 6.65 -38 -630 9.60 
83 21.85 5.35 17.29 
84 21.85 5.35 17.29 - - 
Table D.1 continuea 
Statior, Depth s%, To C at Percentage Pophate Silicate H2S Titration 
and Date (m) 02 (pg at./l) (pg at./l) (pg at./1) alkaiiity 
eaturation (rn equivs./1) 
Bo 	5 0 1.10 14.95 0.02 100.0 
1972 1 100.0 
2 1.10 1 4.50 0.09 100.0 
3 100.0 
4 1.10 14.20 0.13 99.8 
5 98.5 0.06 16.48 
6 1.40 13.30 0.49 
10 2.10 11.25 1.28 96.0 1 3.90 
15 3.30 10.20 2.32 95.0 0.03 
17 4.80 8.00 3.69 
18 . 86.0 
19 12.20 4.60 9.73 . 
20 78.5 
21 15.80 3.00 12.65 . . 
22 . 79.0 
23 16.30 2.95 13.05 . 
25 16.50 2.90 13.21 75.5 . 
30 17.25 3.00 13.80 71.0 
.35 20.55 3.55 16.39 50.5 
37 48.0 	. . . 
40 20.95 3.60 16.70 45.5 0.26 24.59 
50 21.30 3.60 16.98 0.07 34.07 
55 21.35 3.62 17.02 0.33 21.09 
60 21.45 3.65 17.10. 0.20 28.91 
65 0.42 	. 29.28 
70 21.55 3.70 17.17 0.44 20.50 
75 . . 0.17 44.84 
80 21.55 3.65 17.18 . 1.15 44.94 
Bo 	6 45 . . 0.20 27.99 
1972 47.5 -. . 	 . 0.32 28.54 
50 . 0.14 25.87 
55 . . 0.33 27.26 
57.5 . . . 	 . 1.31 55.43 
60 . . 	 . . 1.77 59.33 . 
Bo 	4 0 1.10 14.10 0.14 100.0 0.39 9.20 
1972 1 . 100.0 . . 
2 	. 1.10 14.00 0.16 . 	 . . . 	 ,. 	 . 
3 100.0 . . 
1.10 14.05 0.15 . 	 . 
5 . . 100.0 0.11 11.90 . 
6 1.20 13.35 0.33 . 	 . . 	 . 
7 100.0 ,. 
8 1.50 12.20 0.70 . . 	 . 
10 2.10 10.65 1.34 98.0 0.01 12.50 
15 3.30 10.05 2.34 96.5 0.28 	. 12.10 	. 0.1939 
17 . . 	 95.0 . . 
18 6.30 6.75 4.95 91.0 - 
19 7.50 . 	 4.60 6.00 87.0 
20 14.15 3.75 11.31 80.0 0.17 18.50 1.0832 
21 82.0 . . 
22 15.80 2.60 12.66 . 	 . . 	 . 
23 16.10 2.60 12.90 80.5 . 
25 16.35 2.60 13.10 77.0 0.15 . 	 17.90 	. . . 	 1.0312 
30 17.30 2.80 13.85 74.0 0.48 22.00 1.1355 
32 17.80 2.95 14.24 . . . 
34 18.80 3.10 15.03  
35 . . 53.0 0.30 18.60 
36 20.80 3.25 16.61 . 	 . . 	 . . 	 . 
40 21.00 . 	 3.30 16.76 49.0 0.30 22.90 1.4515 
42.5 . . . 0.58 	. 22.90 . 
45 . 	 . . 0.40 . 27.80 .• 	 . . 
47 . 	 . . . 0.23 . 	 34.70 
49 . 0.61 33.50 .. 1.5937 
50 21.35 3.40 17.03 . . 	 . . . 	 . . 	 . 	 .. 	 . 
51 0.93 35.50 . 	 12 
52.5 . 0.79 39.30 . 	 7 .. 	 . 	 . 
53 . 	 0.78 32.60 11 
55 21.40 3.40 17.07 0.77 34.70 	. 33 1.7565 
57 . . . 	 1.13 43.90 . 	 64 
59 21.60 . 3.50 17.22 1.52 48.20 1.00 	. 	 . . 	 2.1575 
62.5 . . 2.31 53.80 	. 114 	. 
.65 
0 
. . 2.26 57.30 	: lii 
67.5 . . . . 2.45 62.60 .157 
70 21.65 3.60 17.26 . 2.35 	. 61.40 • 	 . . 2.2450 
72.5 . 	 . 2.81 60.80 . 	 174 
75 . 2.83 60.80 193 2.2701 
60 21.65 3.60 .17.2 . 	 .. . . 
1.82 3.05 1.07 0.31 14.33 
1.34 7.25 0.90 2.10 25.19 
0.34 0.95 0.72 0.16 2.23 
0.27 7.24 n.d. n.d. ' 	 4.25 
0.24 2.63 n.d. r..d. 
1.03 11.73 1.59 0.35 6.04 
3.11 2.75 n.d. n.d. 2.31 
2.59 4.43 n.d. n.d. 
6.01 4.94 0.25 2.13 3.65 
1.52 2.45 1.94 0.46 9.50 
0.00 1.02 n.d. 0.35 3.51 
	
0.04 • 	2.60 	n.d. 	0.94 	5.40 
0.47 	8.02 	1.25 	1.10 	3.64 
Station 	Depth 	Ca 	K 
and Date (m) 
TABLE D.2 
Suspended particulate matter and dissolved metal data 
Suspended particulate matter 
Fe 	Ti 	Si 	Al 	Mg 	P 	Mn 	S 	Cl 	Total 
weight 
Dissolved metals (.ig/i) 
Mn 	'Fe 	Ni 	Cu 	Zn 
Mo 	7 0 2.67 8.33 16.89 1.20 73.33 16.50 5.00 3.93 0.20 
1970 10 5.18 7.11 16.92 0.15 23.86 2.03 4.21 1.95 0.20 
20 2.75 6.25 15.81 n.d. 30.30 1.36 1.42 1.61 n.d. 
30 1.23 5.04 13.68 n.d.. 15.35 n.d. 2.85 1.18 n.d. 
40 1.33 2.50 5.56 n.d. 10.83 0.67 0.92 0.57 0.40 
60 4.04 5.42 19.01 0.74 21.42 0.79 0.74 1.26 2.10 
100 3.10 3.75 10.00 n.d. 5.13 fl.d. 1.50 0.88 2.55 
140 2.01 5.03 19.43 n.d. 8.04 2.02 1.51 1.48 6.50 
180 2.00 0.50 13.00 n.d; 6.50 n.d. 0.83 1.05 14.20 
210 3.70 2.83 10.78 n.d. 6.67 0.50 1.89 1.17 55.35 
Mo 23 0 1.47 2.70 7.33 0.38 29.33 5.33 1.93 2.10 0.12 
1970 10 2.56 2.35 2.38 0.03 8.93 1.07 2.20 0.98 0.16 
30 2.13 2.46 2.75 0.08 10.63 2.00 2.05 0.79 0.17 
50 0.73 1.35 3.35 0.15 14.00 2.88 1.45 0.85 0.15 
100 2.25 2.40 3.00 0.10 12.13 2.38 1.85 0.64 0.26 
150 0.85 1.73 4.50 0.26 18.88 4.18 1.90 .0.71 0.16 
200 10.35 5.95 13.00 0.75 53.50 12.00 - 1.46 0.43 
Bo 5 0 2.10 2.85 11.65 0.37 23.23 8.01 1.88 10.79 0.41 9.30 0.29 
1972 5 2.72 4.04 14.46 0.93 34.97 12.94 3.03 11.98 0.56 11.51 0.29 
10 1.74 3.99 14.15 0.54 35.49 12.16 3.52 8.50 0.62 8.62 	. 0.38 
15 1.88 2.29 13.67 0.60 32.10 11.25 2.34 8.13 0.68 0.68 0.59 
40 1.64 . 	 2.26 7.57 0.43• . 	 27.89 5.08 2.01 4.18 0.39 4.72 2.98 
• 	 45 1.84 2.49 8.60 0.57 36.76 9.02 2.36 4.33 1.86 4.97 3.72 
50 1.15 1.78 8.37 0.40 22.61 6.11 1.66 5.25 1.96 5.90 0.38 
55 1.95 2.30 8.51 0.61 30.31 ' 	 7.81 1.85 4.78 2.82 4.62 1.64 
60 2.27 2.49, 26.83 0.49 21.93 7.03 1.56 7.76 . 	 0.33 9.69 3.42 
65 1.92 3.61 ' 	 10.14 0.60 36.58 8.13 2.59 7.04 0.59 6.12 0.47 
70 2.04 2.29 5.73 . 	 0.33 23.82 5.39 1.62 5.19 1.53. 5.46 4.06 
80 1.95 2.48 236.29 0.86 28.33 10.82 5.67 ' 	 43.30 0.10 143.58 9.36 
Bo 6 47.5 1.83 2.77 7.89 0.56 ' 	 33.56 6.81 2.09 3.67 0.43 4.59 0.94 
1972 50 1.64 1.84 10.06 0.50 30.75 6.74 1.74 4.93 0.60 5.10 0.34 
55 2.17 4.24 11.71 0.62 32.63 7.42 2.91 6.84 1.01 7.09 6.45 
57.5 1.35 1.99 292.02 0.57 18.03 9.17 2.01 53.03 0.08 780.33 7.01' 
60 1.42 ' 	2.02 285.48 0.62 18.24 9.41 2.02 57.12 0.04 1305.13 ' 	 9.26 
River 'Jooso 1.84 3.40 16.14 0.79 31.28 12.97 2.01 ' 	17.21 0.48 12.62 1.00 
1972  
n.d. 	not detectable 
- not deternuned 	 . 	 x anomalous S concentrations 
1.18 2.44 0.19' 0.02 n.d. 
0.75 2.15 	', n.d. 1.03 3.50 
9.09 	5.50 	0.31 	0.65 	' 	3.59 
46.20 	7.40 	0.34 	1.28 	. 	5.64 
245.00 16.80 n.d. 0.43, 	, 9.3 
2.68 5.18 2.10 rd. ' 	5.27 
4.66 11.20, 0.68 0.70 3.60 
7.86 18.25 n.d. 2.85 42.30 
1.70 7.60 o.6o i.i0 . 	7.00 
.133.00 . 	3.00 n.d. 0.50 0.70 
740.00, 27.80 n.d. 0.33 1.43 
740.00 300.03 . 	0.10' 0.63 3.23 
670.00 265.00 0.30 . 0.93 2.33 
580.00 	180.00 	1".. 	1.20 	5.73 
btation Depth Ca X Fe Ti Si .. 	Al 1g F Mn' 5: Cl Total + 
and Date (in) . ' . : 'wei8ht 
Ro 49 0 . 	0.89 3.07 9.46 0.48 27.83 24.49 1.95 4.09' '0'22 5.96 . 	0.83 377 
1971 . 	0(B) 1.29 " 	2.67. 7.31 0.42 25.73 21.50 ', 	1.68 1.70 0.13 5.02 0.95 473 
2(B) 1.49 2.36 7.35 0.37 22.94 18.14 1.66 1.77 0.00 5.12, 1.00 454 
5 7.37 9.26 23.12 1.44 209.9 1 19.47 5.80 13.12 0.60 12.80. 1.30 708 
5(3) 1.92 3.55 .10.92 0.54 58.95 9.48 2.36 4.59 0.36 4.31 1.48 362 
10 5.50 3.10 6.51 0.29 36.54 5.21 2.22 5.16 0.35 6.06 3.43 455 
10(B) 3.86 3.61 7.08 0.46 63.58 6.82 1.76 .4.83 0.33 2.19 1.90 459 
15 3.02 2.06 2.27* 0.18 17.14 2.58 1.23 2.07 0.18* 2.80* 2.60* 490 
25' 1.68 1.85 0.95* 0.07 9.62 1.34 0.88 	' 	' 2.59 . 	0.09* ' 	2.19k 5.96* 260 
40 2.21 1.61 4.39 	. 0.11 13.37 2.29 0.54 0.70 '1.75 2.15 . 	13.65 436 
60 	. . 	1.79 . 	1.83 8.39 0.32 16.08 3.21 2.21 3.78 1.17 3.93 1 0.99 359 
80 	'. 2.95 1.51 8.94 0.28 13.85 3.09 2.97 1.16 0.32 . 	2.90 6.63 .438 
105 2.71 1.47 8.35. 0.24 10.41 	. 2.88 0.68 0.98 . 	0.65 ' 3.03 6.23 429 
120 .2.01 	. 1.94 543 	, 0.13 7.25 1.52 0.63 	, 356 0.67 . 	2.79 14.78 332 
130 . 	1.55 . 	, 	1.16 . 	7.69 0.16 7.10 . 	1.76 0.44 0.97 , 	1.03 1.35 6.84 300 
140 1.69 	. 1.49 6.36 0.14 '. 	7.51 1.87 0.38 2.51 1.72 2.27 9.96 256 
150 1.19 1.19 .7.12 0.12 4.85 1.17 0.25 2.64 0.71 2.16 8.99 ' 	250 
160 2.03 	, 1.27 7.71 0.16 9.46 2.20 0.62 	, 1.31 . 	2.22 2.36 11.86 443 
170 ' 	2.18 1.33 7.54 0.04 2.62 1.00 0.01 1.39 . 2.23 ' 	. 	3.94 18.17 427 
180 1.76 1.24 16.06 0.17 7.68 1.92 0.79 2.86 .2.00 1.93 10.74 ' 	404 
200 3.33 1.33 12.06 	' 0.15 . 	6.45 	. 1.81 . 	0.71 1.55 . 	33.73 3.75 15.76 516 
210 13.56 	. '3.49 12.95 0.14 3.91 1.64 2.71 5.21 143.79 9.18 53.92 1485 
River i1oelv 1971 1.94 , 	1.50 5.80 ' 	0.33 15.33 10.36 0.79 	' 1.11,. 0.06 4.80 0.14 325 
River Bciticelv 1971 	0.08 	, 0.69 1.29 0.09 7.66 2.35 0.13 2.68 0.00 	, . 	2.07 ' 	0.04 ' 	59 
'Do 	1 	. ' 	0 0.86 3.92 21.76 0.66 43.17 18.44 2.45 7.91 1.15 . 	8.70 0.23 599 
1971 	' 5 2.23 . 	3.47 19.68 0.49 39.06. 17.03 2.06 	' 4.30 0.87 7.72 0.55 777 
10 2.21 4.24 19.37 	. 0.57 36.77 15.69 2.40 7.30 0.81 	. 6.31 0.43 399  
'15' 2.70 	, 3.40' 18.31 0.48 39.85 15.55 .2.26 3.46 0.84 6.09 0.53 666 
20 5.08 " 	6.66 34.81 1.62 74.55 25.18 10.12 5.33 1.58 6.05 4.64 844 
22.5 2.34 3.13 12.44 0.41 35.05 12.53 2.07 1.90 0.82 , 3.37 2.73 . 	498 
25 2.56 3.56 13.32 	, 0.46 37.80 12.98 , 	2.44 1.92 1.01 4.89 5.31 581 
30 	, " 	'- 	 ' ' 	- ' 	- 0.70 37.75 11.87 - 	' 3.36 - - . - 532 
35 1.35 2.47 6.67* 0.25 22.17 8.15 1.46 	. 	' 3.10 3.04* ' . 	1.58* 4.22* 364 
40 ' 	1.14 2.56 ' '. 	12.59 , 0.45 25.17 9.73 1.69 3.35 6.76 2.74 4.65 331 
50 2.03 2.58 12.39 0.25 16.82 7.16 1.39 	, 5.23 21.92 2.08 5.81 506 
55 1.33 1.76 17.79 0.20 13.93 . 	5.79 1.22 6.87 ' 	0.15 10.56 3.38 329 
60 0.98 2.33 . 	9.46 0.26 ' 	17.82. 6.63 1.75 4.14 	. 0.07 ' ' 	479.43 3.17 737 
65 0.54 '1.86 12.27 0.25 18.32 7.37 1.63 3.38 0.07 l342.o9 2.10 1303 
70 , 	0.48 1.94 13.11 0.23 14.69 6.17 0.89 	, 3.72 0.07 556.27k ' 	2.57 817 
75 	. 0.53 1.12 7.16 0.08 .11.96 5.31 	' 1.32 1.75 n.d. 1939.42x 1.89 1526 
80 0.04 1.93 13.09 , 	0.30 '17.27 	. ' 	7.06 0.96 	, 4.18 	. 0.12 	' 1242.82 ' 	0.31 1171 
n.d. not dotetable , 	* 	filter paper disintegrated during analysis ' x 	anomalous S concentratior.B 
not determined + 	salt corrected  
3.54 	13.22 	1.51 	1.44 . 	11.2 
Table D.2 continued 





Ca K Fe Ti Si Al Mg P Mn S Cl Total Mn Fe Ni Cu Zn 
weight 










12.91 4.73 0.67 4.42 2.23 2.57 3.78 189 1.77 2.22 n.d. n.d. 3.31 


















273 12.25 1.65 0.29 n.d. 5.56 90 1.31 2.48 12.79 0.19 13.60 5.23 1.03 3.45 8.08 2.14 7.20 304 100 1.33 1.96 14.83 0.19 12.50 4.81 0.90 3.10 11.90 3.69 9.36 462 110 
118 








0.12 8.31 3.26 1.04 3.42 40.42 2.67 7.71 203 25.60 3.40 n.d. 0.78 . 	2.75 0.14 9.37 3.51 1.16 1.55 56.87 3.03 16.13 451 130 4.97 2.08 17.95 0.15 10.02 3.77 1.61 3.44 103.17 3.39 7.02 431 
River Vosso 1971 1.16 3.92 17.41* 0.43 37.47 14.95 2.08 7.88 0.95* 4.69* 0.29* 239 3.87 16.45 3.21 0.88 6.3 






14.92 0.59 24.37 9.80 1.93 3.53 15.32 5.19 8.53 407 6.40 10.00 0.40 2.30 10.30 















3.16 391 310.00 5.80 0.20 2.30 10.00 






























1.64 4.07 0.02 321.92' 5.01 659 	. 700.00 330.00 n.d. 1.50 2.60 




























14.51 0.26 14.61 5.92 1.13 4.57 0.05 646.47 0.11 . 	742 560.00 220.00 n.d. 3.10 
5.50 





















0.40 . 4.71 12.74 4.65 4.25 124.10 
20 3.98 6.55 14.11 n.d. 16.13 2.02 3.28 1.46 
0.20 
0.30 
1.11 5.80 2.57 0.56 7.68 






























. 11.13 8.45 n.d. n.d. 8.93 
. 13.70 10.63 n.d. n.d. 5.01 
River Mcclv 1973 0.65 5.42 17.16 0.57 32.26 14.52 2.42 1.11 
River Moelv 1970 0.84 3.49 11.95 0.46 25.80 6.14 2.39 1.23 . 	. 3.05 5.62 1.40 0.54 9.61 
n.d. not detectable . . + 	salt corrected * filter paper diointegrated during analysis X 	anomalous 0 Concentrations 
Table D.2 continued 
Suspended particulate matter (g/l) 	 Dissolved metals (j.ig/i) 
Station 	Depth 	Ca 	K 	Fe 	Ti 	Si 	Al 	Mg 	P 	Mn 	S 	Cl 	Total 	 Mn 	Fe 	Ni 	Cu 	Zn 
.ar.d Date (n) . weight 
Bo 	4 0 0.46 2.81 10.99 0.35 24.66 8.61 1.75 9.73 - 8.27 0.74 
1972 5 0.68 3.10 11.89 0.49 24.87 944 1.88 10.94 0.28 9.04 1.18 
10 4.59 5.21 13.64 0.63 36.27 13.70 4.35 10.1.5 0.70 8.61 3.50 
15 2.74 4.96 17.23 0.79 40.18 13.06 2.87 13.69 1.30 13.08 1.79 
20 2.85 4.51 11.65 0.77 33.20 11.13 3.16 10.9 6 0.91 9.44 4.85 
25 1.82 3.44 10.23 0.64 34.02 9.60 2.70 7.25 1.96 6.94 3.00 
30 2.31 4.64 12.56 0.49 27.28 6.82 . 	 1.99 8.90 1.70 9.43 7.31 
35 2.95 8.54 12.64 0.82 48.08 9.12 3.77 25.41 0.80 20.17 16.39 
40 3.90 5.23 15.34 1.02 45.88 11.18 3.11 11.18 0.47 11.77 7.72 
42.5 4.07 6.36 12.64 1.00 37.96 9.18 3.15 15.10 0.40 12.92 11.23 
45 2.27 5.05 1 3.55 0.83 40.84 1 0.9 2 3.95 8.32 - 6.66 4.36 
47 1.53 3.29 18.36 0.72 33.21 10.21 2.56 7.53 2.89 6.33 4.61 
49 3.50 4.37 16.83 0.68 29.14 8.50 3.60 10.56 0.56 12.31 9.31 
51 1.74 2.55 116.42 0.45 17.80 7.55 2.34 26.63 0.09 29.67 12.94 
52.5 1.69 2.69 88.52 0.64 21.64 8.86 2.36 18.54 0.17 22.69 8.26 
53 1.54 1.92 81.24 0.52 20.89 . 	 7.55 1.38 17.32 0.37 21.38 4.72 
55 1.09 1.87 65.75 0.35 16.32 6.63 1.77 17.26 0.28 35.88 5.98 
57 2.30 2.73 130.11 0.56 18.32 8.71 3.03 35.19 0.18 80.23 8.28 
59 0.99 2.53 188.20 0.85 24.02 11.28 2.25 46.88 0.03 1337.08 2.04 
62.5 n.d. 1.44 9.72 0.37 17.37 6.25 1.96 5.50 . 	 - 1442.87 1.20 
65 1.33 2.04 253.10 0.66 17.00 9.66 2.05 57.24 0.12 1790.30. 8.62 
67.5 0.50 2.24 15.83 0.94 22.52 9.38 2.49 5.11 n.d. 1749.68 2.14 
70 n.d.. 1.32 8.30 0.37 15.74 5.72 2.03 6.24 n.d. 1945.30 0.22 
72.5 0.31 2.27 8.78 0.36 17.67 6.63 2.83 6.34 n.d. 1858.57 3.67 
75 2.80 3.50 1 4.90 0.66 27.56 9.57 3.00 6.27 n.d. 2119.18 . 	 8.28 
n.d. not detectable 
- not determined . 
TABLE D.3 
Chemical composition of sediments 
Major elements (in wt.%) 
	
Trace elements (in ppm) 
S.aion 	Dcpth 	CaO 	 Fo 20 	TiC2 Si02 	A1 20 	XgO 	P 20 	MnO 	S 	Total CO2 	Organic 	Rb 	Zr 	Sr 	Y Nb Pb 	Cu Zn 	Ni !o 
and Date (cm) C. 	 c 
138 	161 	337 	42 	14 
142 194 339 42 17 
142 	136 	345 	46 	14 
154 193 347 48 19 
151 	181 	351 	50 	18 
143 180 355 	46 18 
152 	181 	354 47 	17 
139 	197 	362 	47 	16 
139 207 356 42 21 
134 	199 	369 	53 	18 
140 185 380 44 21 
142 	177 	'431 	43 	iS 
142 	200 	386 	41 	15 
155 161 364 	44 15 
151 	164 	354 42 	15 
151 161 356 	48 16 
152 	163 	372 44 	12 
127 	202 	368 	43 	14 
122 198 360 41 16 
132 	184 	382 	38 	9 
143 173 336 40 15 
83 150 431 36 	11 
92 163 509 42 11 
78 146 413 39 	7 
92 148 410 41 17 
113 175 402 43 	13 
168 116 338 37 15 
163 129 351 43 	18 
160 139 357 48 15 
101 245 367 51 	17 
101 249 339 45 14 
102 230 336 42 	15 
109 242 331 47 	21 
92 .233 294 35 13 
112 261 366 5 1 	17 
105 259 350 49 iS 
112 286 364 44 	19 
Mo 22 0- 2 4.02 3.45 6.32 0.81 53.80 13.64 2.17 0.27 0.07 0.08 3.28 1.46 2.88 
1970 2- 4 3.81 3.36 6.85 0.77 52.01 13.31 2.12 0.25 0.07 0.09 3.13 1.07 2.84 
4- 6 3.85 3.38 6.51 0.79 54.02 13.83 1.96 3.27 0.07 0.13 3.01 1.00 2.74 
6- 8 4.07 3.59 6.61 0.80 55.69 14.29 2.32 0.27 0.07 0.20 2.81-0:84T2.59 - 
8-10 4.07 3.55 6.52 0.79 55.64  14.54 2.45 0.30 0.07 0.17 2.49 1.22 2.16 
10-12 4.03 3.58 6.39 0.78 54.22 14.03 2.26 0.26 0.08 0.28 2.40 0.95 2.15 
12-14 3.99 3.55 6.99 0.77 54.33 13.33 2.11 0.24 0.07 0.20 2.38 1.14 2.07 
Mo 42 0-2 4.10 3.36 6.40 0.86 54.91 13.68 2.20 0.27 0.07 0.07 	. 2.26 1.03 1.98 
1970 2-4 4.09 3.42 6.40 0.85 55.78 14.20 2.22 0.26 0.07 0.10 2.66 1.10 2.36 
4- 6 4.46 3.47 6.50 0.85 56.59 14.89 2.27 0.32 0.07 0.22 2.12 1.17 1.80 
6- 8 4.63 3.50 6.70 0.84 55.90 14.74 2.48 0.28 0.07 0.26 2.16 1.66 1.70 
8-10 6.04 3.50 6.33 0.81 55.54 14.38 2.44 0.29 0.08 0.25 2.40 2.61 1.68 
Mo 45 0- 2 4.64 3.58 6.34 0.79 57.79 14.35 2.11 0.25 0.35 0.17 2.07 1.78 1.58 
1970 2-4 4.78 3.54 6.85 0.77 53.57 13.89 2.51 0.26 0.31 0.08 2.59 1.97 2.06 
4-6 5.03 3.71 7.26 0.78 52.74 14.02 6.64 0.23 0.20 0.08 2.80 1.97 2.27 
6-8 5.20 3.58 7.07 0.79 52.04 13.84 2.55 0.27 0.24 0.15 2.74 2.80 1.98 
8-10 5.21 3.48 7.05 0.78 50.43 13.49 2.34 0.23 0.27 0.18 2.58 2.38 1.93 
Mo 23 0- 5 4.44 3.34 5.49 0.73 52.69 13.85 2.10 0.28 0.05 0.12 3.56 1.46 3.16 
1970 5-10 4.72 3.47 6.04 0.83 56.16 14.60 2.43 0.33 0.06 0.27 2.81 1.27 2.46 
Mo 44 0- 5 5.67 3.53 6.99 0.79 54.48 14.33 2.97  0.32 0.43 0.25 2.64 2.14 2.06 
1970 5-10 4.33 3.56 7.39 0.78 54.32 14.70 2.79 0.29 0.42 0.24 2.21 1.65 1.76 
Anoxic sediments 
Mo 34 45 0-10 8.80 2.24 5.75 0.62 44.71 9.66 1.58 0.24 0.05 2.54 9.25 4.87 7.93 
1970 	. 10-20 9.62 2.41 5.43 o.61 46.42  10.18 1.54 0.25 0.06 1.97 6.83 4.96 5.47 
2 0- 30 8.49 2.25 6.17 0.61 44.31 9.68 1.35 0.27 0.06 3.01 8.86 3.79 7.84 
30-40 7.77 2.38 6.09 0.62 43.92 10.18 1.80 0.28 0.07 2.70 8.67 3.40 7.75 
40-50 6.87 2.90 5.83 0.69 49.12 10.84 1.88 0.27 0.09 1.96 6.65 3.12 5.80 
50-60 4.77 3.81 6.88 0.76 51.32 13.91 2.53 0.27 0.10 1.36 4.43 1.61 3.99 
60-70 4.53 3.90 6.83 0.80 52.97 14.03 2.70 0.27 0.10 1.22 2.99 1.28 2.64 
70-80 4.67 3.60 6.76 0.60 53.74 14.37 2.58 0.25 0.10 1.20 3.44 1.39 3.06 
Mo 	4(1)S 0-10 2.82 2.93 6.08 0.70 57.20 13.03 1.78 0.29 0.08 1.66 3.12 0.07 3.09 
1970 10-20 2.68 2.51 5.31 0.66 55.31 12.82 1.53 0.27 0.08 2.10 5.25 0.15 .5.20 
20-30 2.66 3.02 5.09 0.68 56.34 13.12 1.45 0.27 0.07 1.77 5.30 0.15 5.26 
30-40 2.66 3.07 5.13 0.70 56.79 12.50 1.73 0.23 0.03 1.90 4.83 0.11 4.85 
40-50 2.73 3.08 4.95 0.64 58.45 12.89 1.62 0.23 0.07 1.37 4.11 0.07 4.09 
50-60 2.80 3.22 5.13 0.68 59.74 13.46 1.48 0.23 0.08 1.52 3.52 0.04 3.51 
60-70 2.74 3.22 5.51 0.69 58.86 13.37 1.72 0.23 0.07 1.65 3.08 0.07 3.06 
70-80 2.77 3.20 4.70 0.63 59.48 12.97 1.40 0.19 0.07 1.35 2.16 0.11 2.13 
62 28 145 32 12 
53 26 135 31 11 
48 22 123 31 6 
29 22 119 32 6 
32 19 117 31 8 
30 24 123 33 10 
30 24 122 32 11 
49 24 137 33 7 
49 22 120 31 11 
24 20 113 32 8 
27 23 117 33 12 
20 19 115 31 11 
48 28 139. 33 10 
72 33 169 	,' 41 11 
56 30 149 41 11 
40 30 134 41 9 
30 29 132 40 9 
51 18 129 28 0 - 
39 13 105 26 4 
44 25 132 37 13 
34 22 133 41 4 
'S 
41 425. '. .ic 30 C. 
23 ?9'0 30 67 
20 29 '9 o, 32 113 
16 32 i4'T. 34 119 
21 28 115 33 73 
23 35 142 36 39 
13 32 135 35 36 
27 31 130 36 
78 23 115 23 60 
43 15 76 20 4 6 
35 14 76 20 55 
27 15 73 23 1 6 
17 15 69 20 42 
21 17 73 22 25 
31 17 74 21 57 
21 14 72 20 47 
Table D.3 continued 
Major elements (in wt.%) Trace elements (in ppm) 
Station Depth CaO 1(20 Fe20 3 Ti02 Si0 2 A1 20 3 MgO P205 MnO S Total CO2 Organic Rb Zr Sr Y Nb Pb - 	Cu Zn Ni 10 
and Dato (cm) . C C 
1(o 	7(2)5 0-10 3.42 2.43 6.94 0.68 47.37 10.49 1.65 0.28 0.12 2.98 7.43 0.00 7.43 90 158 339 46 12 83 27 131 26 59 
1970 10-23 3.22 2.78 6.09 0.96 53.05 12.02 2.03 0.35 0.08 1.91 5.54 0.12 5.51 101 213 420 41 15 42 19 97 27 51 
20-30 3.13 2.62 6.29 0.83 51.17 11.73 2.15 0.29 0.10 2.40 5.62 0.12 5.59 97 222 387 50 18 32 23 95 27 67 
30-40 3.42 2.61 6.01 0.70 50.67 11.01 1.43 0.23 0.10 2.14 5.64 0.00 5.64 110 185 352 41 20 31 25 100 26 56 
40-50 3.11 3.12 6.14 0.71 54.60 12.38 1.89 0.29 0.10 2.03 4.73 0.04 4.72 123 217 356 52 16 28 22 99 27 55 
50-60 3.18 2.95 6.70 0.92 54.89 12.86 2.31 0.34 0.11 1.93 3.19 0.11 3.16 113 222 422 42 19 32 21 58 30 55 
60-70 3.22 3.00 5.87 0.82 54.73 12.20 1.96 0.30 0.09 2.12 4.67 0.15 4.63 115 238 405 49 13 22 16 91 26 55 
70-30 3.00 3.31 6.07 0.78 58.79 13.63 2.09 0.30 0.09 1.30 1.99 0.04 1.98 130 237 385 47 18 29 23 102 27 56 
80-90 3.24 3.13 5.63 0.75 56.78 13.26  1.86 0.28 0.08 1.89 3.47 0.11 3.44 112 209 365 48 15 31 22 94 26 60 
90-100 3.01 3.27 5.92 0.79 56.73 12.96. 2.12 0.27 0.09. 1.96 3.11 0.11 3.08 .117 182 356 37 15 17 19 94 26 48 
100-110 3.13 3.00 6.53 0.80 54.86 13.06 2.23 0.27 0.11 2.05 3.78 0.11 3.75 111 192 369 48 15 21 20 103 28 63 
110-130 3.55 2.89 6.33 0.71 53.04 12.42 1.77 0.29 0.15 2.59 5.56 0.19 5.51 111 189 359 48 16 21 26 104 30 59 
Mo 26 0-5 7.89 2.03 5.35 0.58 44.68 9.77 1.12 0.26 0.02 0.97 9.90 4.62 8.64 53 152 410 37 12 88 30 139 29 26 
1970 5-10 5.75 2.50 3.94 0.60 57.35 11.05 0.54 0.23 0.03 0.67 6.56 2.47 5.89 92 264 377 40 14 34 15 65 22 18 
10-15 9.21 2.07 5.11 0.56 45.31  10.12 1.03 0.26 0.03 1.07 8.22 4.96 6.86 81 149 466 32 16 40 23 91 26 32 
15-20 8.77 2.39 4.28 0.61 57.00 11.30 0.56 0.24 0.03 1.14 7.90 4.94 6.55 82 144 492 39 14 28 27 102 28 29 
20-25 8.70 2.31 4.19 0.55 46.64 9.68 1.14 0.20 0.03 1.09 7.11 4.57 5.87 88 196 456 45 13 24 22 81 27 28 
25-30 8.41 2.38 4.11 0.53 46.93 9.72 1.21 0.21 0.03 	. 1.01 6.42 4.37 5.23 93 194 458 42 12 31 22 78 2. 21 
30-35 6.71 2.52 4.38 0.56 53.65 11.04 1.30 0.20 	. 0.03 1.07 5.37 3.07 4.54 98 226 415 40 18 23 iS 73 24 25 
35-40 . 	7.67 2.60 4.48 0.59 48.43 1 0.52 1.25 0.25 0.04 1.16 6.51 3.91 5.44 . 	107 184 416 40 15 21 23 87 . 27 29 
40-45 .8.75 2.39 6.81 0.49 42.74 9.64 1.24 0.24 0.03 1.42 6.75 4.91 5.42 96 .175 468 42 13 20 22 89 30 32 
45-50 9.50 2.37 4.74 0.52 39.93 9.27 1.33 0.23 0.04 1.54 8.49 5.93 6.87 104 142 474 40 17 25 27 105 32 31 
50-55 8.56 3.00 4.97 0.62 49.98 11.42 1.51 0.24 0.05 1.28 5.56 4.61 4.30 117 . 157 465 40 17 23 24 99 29 24 
55-60 . 	9.10 2.79 4.81 0.58 47.58  11.11 1.66 .0.27 0.05 1.20 5.48 4.88 4.15 . 	113 171 483 41 17 18 25 107 28 24 
60-65 10.15 . 	2.79 4.71 0.56 48.21 10.83 1.55 0.22 0.04 0.54 5.15 5.87 3.55 108 176 519 38 17 20 22 83 26 23 
65-70 12.11 2.51 3.57 0.48 51.10 10.67 0.87 0.24 0.03 0.97 4.15 7.68 2.05 92 227. 629 36 11 15 13 50 19 22 
70-75 14.29 2.24 4.13 0.45 44.69 9.12 0.65 0.21 0.03 1.45 6.68 9.24 4.16 78 190 626 35 14 17 18 67 23 32 
140 	8 . 0- 5. 4.81 2.31 4.72 0.62 46.31 10.32  1.69 0.22 0.05 1.26 9.07 1.45 8.67 94 149 327 42 12 66 25 120 28 31 
1970 5-10 5.54 2.26 4.77 0.56 43.87 9.65 1.60 0.23 0.05 1.81 9.21 1.80 8.72 96 148 319 47 14 42 25 109 29 49 
10-15 4.37 2.59 7.50 0.63 48.52 10.94 1.54 0.24 0.06 1.66 7.04 1.31 6.68 105 179 332 43 14 31 28 102 30 55 
15-20 6.04 2.21 4.07 0.51 46.70 10.02 1.56 0.23 0.06 1.80 7.84 1.32 7.48 104 141 318 42 17 27 27 111 28 56 
23-25 6.77 2.34 4.43 0.50 48.96 9.79 1.21 0.19 0.06 1.67 7.30 0.78 7.08 100 159 325 48 14 21 24 99 26 63 
25-33 7.46 2.54 3.69 0.54, 55.35 10.64 i.o6 0.19 0.03 1.02 4.47 3.48 3.52 90 223 432 41 13 14 12 64 19 49 
30-35 8.11 2.58 3.48 0.49 54.55 io.6o 1.00 0.17 0.04 0.85 . 	4.27 4.75 2.98  92 204 453 40 17 17 13 56 16 53 
35-40 3.82 2.76 5.20 0.60 52.05 11.62 1.63 0.22 0.07 1.65 5.88 1.45 5.49 104 .174 . 333 42 14 19 22 89 24 54 
40-45 5.03 2.47 4.58 0.57 49.49 10.60 1.42 0.21 0.05 1.52 6.76 2.04 6.20 97 180 343 48 14 23 22 97 26 32 
45-50 4.85 3.20 5.09 0.65 53.15 12.42 1.77 0.23 0.07 1.31 4.94 1.59 4.50 127 178 362 48 16 28 24 109 28 30 
50-55 8.23 2.76 4.36 0.55 49.52 10.63 1.28 0.19 .0.05 1.25 . 	6.12 3.77 5.09 104 200 450 42 16 21 19 86 23 43 
55-57.5 11.21 2.61 3.13 0.46 52.65 10.18 0.91 0.17 0.03 0.57 3.74 7.23 1.77 90 228 571 41 14 24 12 49 16 24 
Mo 34 \ 0- 3 9.14 2.54 5.56 0.54 4668 10.48 1.61 0.28 0.06 2.18 6.67 4.30 5.50 Si 136 382 38 6 59 31 159 34 94 
1970 3- 6 10.60 2.87 4.98 0.54 48.38 10.78 1.65 0.24 0.05 1.57 5.89 6.08. 4.23 102 193 602 39 8 28 17 105 23 53 
6- 8 12.64 2.24 5.30 0.53 43.67 10.07 1.75 0.27 0.06 2.16 7.87 6.20 6.18 80 139 550 29 9 18 24 85 34 8 
91 	176 	300 	41 	11 
93 178 309 39 	12 
85 	217 	338 	40 16 
90 	153 	346 	40 	16 
85 169 355 	41 16 
86 	152 	339 46 	14 
88 153 343 42 15 
86 	133 	332 	43 	13 
108 170 323 50 16 
101 	157 	335 	43 	18 
88 145 296 33 13 
103 	172 	342 	39 	12 
94 184 454 37 14 
102 	259 	333 	38 	17 
101 314 359 39 19 
99 	301 	357 	37 	14 
95 317 362 44 14 
100 	368 	360 	38 	17 
98 331 373 40 16 
99 	363 	368 	42 	18 
91 338 371 40 16 
98 	185 	253 	42 	11 
107 	202 230 46 12 
103 208 	289 	45 	11 
100 	223 	351 38 14 
94 193 275 	41 	14 
105 	230 	307 47 15 
87 	269 275 	44 	15 
94 208 	266 44 14 
106 	235 	279 	45 	11 
126 229 258 44 16 
138 	234 	245 	49 	15 
94 	220 274 44 11 
101 219. 293 	45 	12 
104 	236 	319 48 10 
94 240 280 	41 	14 
87 	259 	276 46 13 
99 2C3 289 45 	10 
85 	214 	332 	41 9 
89 164 393 27 	11 
100 	238 	311 	39 12 
72 	20 	129 	26 	59 
61 15 99 	25 56 
37 	12 	76 22 	51 
129 	33 	174 	26 	29 
89 30 146 25 33 
55 	25 	122 	29 	55 
40 22 105 	25 51 
38 	23 	113 27 	57 
36 25 111 	27 68. 
30 	21 	107 	26 . 64 
18 20 96 24 	44 
16 	19 	91 	22 72 
15 17 58 18 ./.0 
49 	13 	76 	26 	30 
39 15 67 20 23 
49 	13 	75 	20 	12 
58 14 77 20 6 
33 	14 	58 	19 	16 
30 12 50 18 16 
28 	7 	45 	18 	29 
29 8 41 16 27 
78 	36 	146 	3832 
56 30 117 37 	24 
42 	26 	ioB 	35 19 
34 14 83 	27 	15 
37 	33 	101 36 28 
33 23 87 	33 	13 
22 	22 	68 31 1 
30 22 83 	33 	14 
29 	23 	95 	33. 14 
26 19 94 42 	7 
20 	14 	104 	40 2 
13 19 88 32 	26 
25 	22 	86 	31 28 
26 23 92 35 	21 
23 	22 	90 .34 19 
16 15 64 	26 	3 
21 	30 	100 34 31 
29 7 71 	25 	19 
33 	11 	41 15 10 
21 20 83 	32 	24 
Table D.3 continued 
Major elements (in wt.%) 
Staticn 	Depth 	CaO 	K2 0 	.Fe2 03 TiO2  Si02 	A1 20 3  M&O 	P205 MnO 	S 	Total CO2 	Organic 	Rb 	Zr and Date (cm) C 	 C 
Trace elements (in ppm) 
Sr 	Y Nb Pb 	Cu Zr. 	Ni Mo 
Mo 49 0- 4 3.07 2.44 5.91 0.64 48.65 11.24 1.70 0.29 0.09 2.28 3.70 0.12 8.89 
1971 4-. 7 2.84 2.44 6.18 0.64 50.61 11.60 1.85 0.27 0.09 2.38 3.90 0.12 5.86 
7-10 2.68 2.54 5.18 0.70 55.37 12.54 1.85 0.29 0.06 1.61 5.05 0.00 5.21 
No 14 0- 5 5.92 2.34 4.79 0.61 49.18 11.17 1.37 0.29 0.04 0.74 8.78 3.09 7.94 1970 5-10 4.95 2.14  4.74 0.61 45.01 10.46 1.58 0.25 0.03 0.95 9.35 2.82 8.58 
10-15 5.37 1.75 3.55 0.46 32.72 7.12 2.44 0.22 0.05 1.70 9.95 2.36 9.30 
15-20 5.64 2.31 4.51 0.55 47.57 10.06 1.38 0.28 0.04 1.31 8.67 2.35 8.03 
20-25 6.41 2.32 4.35 0.53 46.90 10.40 1.46 0.28 0.05 1.80 10.00 2.51 9.32 
25-30 5.02 2.28 4.33 0.51 38.93 8.92 1.94 0.21 0.06 1.72 7.92 1.84. 7.41 
30-35 5.14 2.18 4.24 0.49 38.28 8.50 2.31 0.21 0.06 1.75 8.28 1.80 7.78 
35-40 5.11 2.62 4.36 0.58 53.15 11.37 1.45 0.26 0.04 1.37 7.05 2.13 6.47 
40-45 5.26 2.61 4.56 0.57 52.34 11.37 1.30 0.27 0.04 1.59 7.10 2.01 6.55 
45-50 8.31 2.74 3.55 0.52 56.06 10.93 0.83 0.15 0.04 0.99 4.25 4.62 2.99 
Mo 10 0- 5 2.74 2.77 5.40 0.72 62.25 14.65 1.16 0.34 0.05 0.51 5.87 0.13 5.83 
1.970 5-10 2.78 2.79 3.99 0.65 59.90 12.88 1.44 0.24 0.04 0.50 4.09 0.04 4.08 
10-15 2.65 2.94 3.71 0.62 62.76 13.40  1.27 0.24 0.04 0.30 3.32 0.07 3.30 
15-20 2.72 2.65 3.85 0.63 58.78 12.88 1.31 0.21 0.04 0.57 4.75 0.04 4.74 
20-25 2.74 2.76 3.85 .0.65 60.67 12.93 1.41 0.21 0.04 0.52 4.01 0.07 3.99 
25-30 2.73 2.80 3.83 0.61 63.76 13.03 1.46 0.20 0.04 0.63 2.53 0.12 2.50 
30-35 2.73 2.33 3.88 0.63 62.82 12.34 1.24 0.24 0.04 0.72 2.99 0.15 2.95 
35-41.5 2.70 2.74 3.79 0.60 64.05 13.03 1.29 0.25 0.04 0.62 2.66 0.07 2.64 
Bc 	1 0- 1.5 2.25 2.42 7.66 0.84 48.70 13.69 2.48 0.41 0.10 1.61 7.04 0.08 7.01 
1971 1.5- 	3.5 2.34 2.71 7.25 0.87 50.20 14.52 2.42 0.40 0.10 1.52 7.81 0.15 7.77 
3.5- 5.5 2.42 2.59 6.77 0.65 50.30 14.55 ' 2.60 0.36 0.09 1.33 6.27 0.00 6.27 
5.5- 9 2.55 2.60 5.78 0.85 56.14 14.05 2.02 0.34 0.08 1.01 4.06 o.o8 4.04 
9-15 2.34 2.43 7.15 . 	 0.79 47.73 13.75 2.41 0.37 0.12 1.82 8.09 0.08 8.07 
15-23 2.53 2.70 6.80 0.69 52.77 	. 14.33 2.34 0.34 0.10 1.38 4.30 0.00 4.30 
20-22 2.96 2.37 5.47 0.90 64.01 13.49 2.15 0.22 0.08 0.50 1.02 0.15 0.98 
22-30 2.58 2.55 6.68 0.85 52.84 14.24 2.58 0.37 0.09 1.47 4.93 0.07 4.91 
30-40.5 2.63 2.67 6.85 0.87 56.52 14.49 2.48 0.34 0.09 1.33 3.35 0.11 3.32 
40.5-45 2.68 3.19 6.85 o.86 58.33  16.11 2.90 0.27 0.09 0.51 1.00 0.22 0.94 
45-53.5 2.54 3.60 6.97 0.93 58.58 16.71 2.89 0.24 0.09 0.34 0.49 0.07 0.46 
53.5-6 0 2.69 2.64 7.36 0.85 55.02 13.54 2.52 0.37 0.11 1.47 4.00 0.04 3.99 
60-71 2.73 2.64 7.08 0.87 54.61 14.80 2.42 0.35  0.11 1.69 4.54 0.15 4.50 
71-81 2.30 2.77 6.74 0.83 57.87 14.85 2.27 0.38 0.13 1.31 3.50 0.15 3.46 
81-90 2.68 2.58 6.61 0.85 56.60 14.20 2.57 0.35  0.16 1.41 3.09 0.15 3.05 
90-93 3.01 2.42 5.41 . 	 0.86 65.28 13.96 2.17 0.26 0.09 0.38 0.44 0.22 0.38 
93-100 2.50 2.55 7.68 0.86 52.54 14.21  2.49 0.36 0.14 2.13 5.07 0.15 5.03 
100-105 2.56 2.42 5.43 0.78 55.94 13.82 1.95 0.40 o.o8 1.36 4.99 0.04 4.98 
1 05- 1 06 2.24 2.61 3.36 0.54 67.19 13.55  o.86 0.20 0.06 0.57 1.17 0.04 1.16 
106-120 2.65 2.52 6.50 0.69 57.36 14.02 2.15 0.34 0.10 1.52 3.46 0.15 3.42 
99 	190 	252 	43 	15 
100 197 286 44 12 
97 	189 	305 	47 	12 
102 205 349 	43 15 
107 	239 ' 442 40 	iS 
104 198 	366 	42 	, 16 
115 	205 	321 47 16 
115 180 327 	45 	13 
155 	211 	264 46 11 
111 134 309 	43 	12 
97 	171 	391 41 12 
99 169 340 	39 	11 
101 	163 	322 40 14 
116 173 334 	44 	12 
101 	186 	327 39 10 
120 180 421 	31 	12 
117 	188 	323 	46 16 
.103 188 317 45 	12 
94 	160 	278 	41 	12 
109 229 352 44 12 
113 	213 ' 331 	44 	12 
102 177 	275 	40 11 
io8 	196 331 42 	14 
97 194 	313 	41 13 
104 	191 286 45 	9 
120 244 ' 313 	48 14 
104 ' 189 	290 44 	10 
120 	209 	299 	48 13 
169 209 217 49 	19 
101 	184 	279 	50' 10 
106 '177 . 298 44 	11 
145 	208 	293 	42 14 
105 	212 ' 324 44 	16 
102 246 	391 	43 	. 13 
107 	254 	387 	50 	14 
121 236 298 51 16 
119 	218 	309 	49 	. 17 
170 217 246 46 16 
100 	292 	432 	47 	15 
115 246 373 	53 17 
108 	217 	330 ' 53 	13 
121 223 348 	43 15 
69 33 172 42 43 
61 32 166 34 15 
78 30 144 36 47 
66 29 123 36 35 
37 10 77 3.3' 13 
49. 28 107 37 29 
40 30 123 41 25 
36 26 99 10 30 
22 20 1:9 47 20 
19 24 106 35 47 
28 9 	' 71 27 21) 
23 13 51 31 20 
28 25 100 39 3. 
22 19 87 32 .I 
29 22 89 34 74 
21 6 67 29 9 
29 .21 112 41 32 
32 28 106 35 32 
79 27 152, 32 48 
43 25 113 35 . 	 33 
47 25 113 33 23 
56 26 119 33 45 
39 30 134 35 22.. 
45 20 97 34 .30 
40 32 99' 41 13 
28 33 97 0 8 
34 '25 107 -13 72 
25 22 120 	. 36 22 
24 23 114 45 9 
19 26 111 37 41 
27 26 105 42 54 
30 26 111 45 15 
26. 24 .107 32 37 
23 19 97 34 29 
51 35 112 32 16 
24 25 89 37 10 
34 31 95 36 22 
23 36 119 46 6 
27 2381 26 3 
20 30 98 32 	' 23 
33 29 105 36 20 
24 33 101 37 32 
rpbl e 13.3 continued 
Major elements (in wt.%) 
	
i.'race elements (in ppm) 
S'taior, 	Depth 	CaO 	K 2 0 	Fe 20 3 Ti02 	Si02 	
A1 20 3 l'igO 	P 2  0 5 	
MnO 	S 	Total 	CO2 	Organic 	Rb 	Zr 	Sr 	Y 	Nb Fb 	Cu 	2i 
and Date (ci) . 	 C C 
2.56. 2.27 7.59 0.76 46.47 13.69 	' 2.51 0.45 1.34 1.39 7.16 0.85 6.93 
2.48 2.48 7.33 0.73 47.78 13.57 2.41 '0.43 0.63 	, , 1.62 6.66 0.48 6.52 
2.40 	. 2.55 .8.18 	. 0.81 , 47.86 .13.88 2.32 0.47 0.56 2.00 7.06 0.56 	•. 6.91 
2.69 2.65 6.95 0.80 48.62 	' 13.80 	' 2.33 0.38 0.81 1.43 5.35 0.40 	, . 	 5.24 
2.92 2.82 5.70 0.85 58.06 14.52 2.08 0.27 0.18 	. 0.58 3.03 0.11 	' 3.00 
2.64 2.71' 7.71 0.87 43.42 14.01 2.52 0.48 0.53 	' 1.69 6.62 0.31 6.53 
2.59 3.01 7.68 0.86 50.53 15.23 2.68 	' 0.41 0.49 1.22 4.74 0.31 4.66 
2.68 2.80 8.47 	' 0.79 46.23 14.26 2.82 0.42 1.59 2.09 6.22 1.16 . 	5.90 
2.16 3.30 :8.34 0.86 52.35 17.21 3.16 0.27 0.38 0.79 2.38 0.34 2.29 
2.37 2.32 9.09 0.78 46.10 14.34 2.63 0.41. 1.93 2.48 5.18 1.27 4.84 
2.61 .2.86 5.57 0.70 53.41 13.37 1.99 0.29 0.23 1.31 6.90 0.15 6.86 
2.47 2.93 6.22. 0.72 53.92 13.72' 2.15 0.32 0.24 1.49 5.70 0.15 5.66 
2.58 2.73, 7.94 0.76 49.29 13.77 	' 2.37 0.40' 0.67 2.16, 6.30 0.34 6.21 
2.54 3.11 6.96 0.70 54.41 14.92 2.45 0.34 0.30 1.46 3.98 0.00 3.98 
2.55 2.99 7.18 0.77 55.16 14.56 2.19 0.32 0.26 1.58 	' 4.07 0.23 4.01 
2.40 3.49 4.38 0.60 66.51 14.60 1.57 0.22 0.11 	' 0.50 0.88 0.04 0.87 
2.66 2.97 	, 6.50 0.72 49.47 14.69 	. 2.79 0.35 1.03 2.43 4.93 0.83 4.72 
2.52 2.79 8.30 0.79 49.73 13.94 2.05 0.33 0.31 2.41 5.76 0.26 	. 5.70 
2.26 2.46 8.30 0.74 42.40 12.85 2.33 0.41 0.57 ' 	 2.84 7.07 0.19 7.01 
2.64 2.77 6.98 0.83 48.57 .14.11 2.03 0.36 0.70 1.45 5.42. 0.26 5.35 
2.55 2.74 7.22 0.85 , 50.74 14.96 2.62 0.38 0.29 1.49 4.68 0.26 4.61 
2.29, 2.57 7.98 0.80 44.26 13.65 2.66 	, 0.44 0.26 2.35 8.01 0.04 , 	 8.00 
3.31 3.04 8.38 , 1.17 49.97 14.89 4.46 0.66 0.42 1.89 6.95 0.27 6.87 
2.37 '2.57 7.92 0.85 45.06 . 	 13.61 2.33 0.44 0.44 2.32 7.73 0.08 7.71 
2.40 2.87 7.90 ' ' 	 0.86 47.22 14.91 2.68 0.41 0.44 1.61 5.76 0.34 5.67 
2.86 3.10' 6.84 0.84 57.37 15.68 2.76 0.33 0.12 0.61 1.77 0.15. 1.73 
2.52 2.74 8.08 0.83 47.66 14.24 2.14 0.44 0.45 1.99 5.84 0.15 5.80 
2.36 	' '3.04 8.80 0.80 46.73 14.98 2.76 0.36 0.46 2.01 '4.82 0.42 ' 	 4.71 
2.02 4.10 8.35 0.88 53.63 18.12 3.48 0.26 0.20 0.61 0.95 0.03 0.95 
2.45 2.60 9.42 0.80 46.94 14.71 2.76 0.39 0.64 2.56 , 	 4.94 0.26, 4.87 
2.59 2.71 ' 	 9.10 	' 0.75 45.11 13.75, 2.44 0.40 1.33 2.77 ' 	 5.64 0.54 5.49 
2.52 3.50 7.66 0.84 54.33 16.30 2.73 0.29 0.52 0.90 1.89 0.04 1.63 
' .2.49 2.72 7.64 	' 0.81 51.05 14.66 2.43 0.38 0.29 . 	 1.98' 4.56 0.00 4.56 
2.54 2.82. 7.32 ' o.86 51.02, 14.42 .2.41 0.50 0.26 , 	 1.83 4.63 .0.12 4.60 
2.59' 2.67' 6.67 0.83 ' 	 52.54 14.68 2.25 0.37 . 	0.11 1.36 5.10 ' 	 0.04 5.09 
2.52 2.84 6.81 0.81 54.27 14.61 2.66 0.35 0.10 ' 	 1.11, 3.16 0.11 3.13 
2.35 2.75 .7.66 0.85 48.04 ' 	 14.62 . 2.09 0.40 0.16 2.06 6.14 0.12 6.11 
2.12 3.98 8.28 0.91 52.49 17.59 2.24 .0.23 0.13 0.64 . 	 0.98 0.07 , 	 0.96 
2.51 2.48 5.76 0.82 59.15. 13.72 2.12 0.32 0.22 1.01 2.74 .0.11 2.71 
2.55 2.87 	' 7.45 . 	 0.83 53.02 14.88 2.52 0.41 .0.14 	' 1.61 3.70 0.11 3.67 
2.53 2.81 7.94 0.82 48.05 1 3.9 2 2.32 0.40 0.59 2.10 3.90 0.07 3.88 
















































Table D.3 continued 
Major elements (in wt.%) 	 Trace elements (in ppm) 
Station 	Depth 	CaO 	K20 	Fe 203 TiO2  Si02 	A1203 }!gO 	P2Oç MnO 	S 	Total CO2 	Organic 	Rb 	Zr 	Sr 	Y Nb Pb 	Cu Zn 	Ni !o and Data (cm) . 	 C 	 C - 
Bo 	1A 	 0-10 2.40 2.66 6.67 0.86 t  50.14 14.26 2.50 0.43 0.09 1.73 6.06 0.04 6.05 116 234 357 48 14 43 32 106 35 16 
1571 10-20 .2.37 2.59 6.98 3.80 48.97 13.97 2.38 0.39 0.10 
1.85 6.85 0.04 6.84 103 211 299 47 19 39 30 95 34 21 
20-27 2.56 . 	 2.64 6.43 0.90 53.5 1 13.94 1.98 0.33 0.09 1.23 3.89 0.07 3.87 107 243 343 50 13 31 30 84 35 3 
27-34 2.54 2.53 6.47 0.88 53.41 13.97 2.30 0.37 0.08 1.50 4.19 0.04 4.18 101 238 307 50 11 24, 30 84 33 
34-39 2.53 2.78 6.82 0.83 54.23 14.71 .2.40 0.35 0.09 
1.76 3.32 0.11 3.29 113 229 282 33 11 29 31 92 39 20 
39-46 2.55 3.27 6.93 0.90 57.15 16.14 2.81 0.28 0.09 0.79 1.36 0.07 1.34 . 	 131 258 268 56 19 20 29 93 41 5 
46-52 	. 2.45. 2.80 6.84 0.84 53.35 14.42 2.49 0.31 0.11 
1.50 . 	 3.66 0.04 3.65 115 239 280 53 16 22 26 87 34 18 
52-58 2.44 2.68 7.27 0.84 51.75 14.16 2.64 0.39 0.10 1.94 4.75 0.11 4.72 109 229 314 42 13 26 31 93 34 24 
58-64 2.68 2.67 6.64 0.89 53.56 13.87 2.35 0.39 0.10 
1.51 	. 4.34 0.04 4.33 . 	 1c8 248 383 56 14 25 29 91 31 13 
64-71 2.53 2.64 6.89 0.87 53.23 14.66 2.39 0.37 0.12 1.75 4.05 0.11 4.02 io8 246 329 49 15 26 31 92 35 22 
71-76 2.56 2.63 6.8o 0.84 54.59 14.08 2.48 0.36 0.11 1.70 3.48 0.11 	. 3.45 115 236 304 46 15 22 28 90 36 24 
76-82 2.63 2.63 6.55 0.87 57.61 14.27 2.45 0.32 0.12 1.34 2.41 0.04 2.40 114 268 304 52 18 . 	 24 32 81 34 14 
ABLE D.4 
Correla-tion matrix for sediment data 




'[ : 02 -0.45 0.26 0.50 
nuniber of camplee 174 
Sio 0. 0 i8 
correlation coefficients > 0.20 are nignif'icarxt at 
2 0.05 confidence level 
A1 203 -0.49 0.43 0.49 0.62 0.26 
?2C5 -.0.46 0.00 0.8 0.49 -0.13 0.40 
LO -0.38 0.29 0.65 0.56 -0.02 0.58 0.48 
MnO -0.48 0.23 0.69 0.45 -0.08 0.48 0.54 0.59 
S -.0.15 -0.25 0.21 -0.01 -0.34 -0.12 0.28 0.04 0.22 
CO
2  
0.63 0.10 -0.20 0.38 -0.30 -0.33 0.28 0.22 -0.28  
Org C 0.01 -0.51  -0.02 -0.23 -0.52 -0.33 0.15 -0.16 -0.05 0.45 0.11 
Sr 0750 -0.00 -0.39 -0.36 0.03 -0.35 -0.32 -0.41 -0.35 -0.13 0.35 -0.07 
Zn 0.03 0.14 0.34 0.10 -0.32. 0.09 0.17 0.30 0.24 0.05 0.18 0.13 -0.11 
Cu -0.09 -0.04 0.38 0.21 -0.34 0.13 0.29 0.31 0.28 0.15 0.04 0.18 -0.19 0.46 
U 0.17 -0.27 -0.16 -0.29 -.0.21 -0.33 -0.12 -.0.21 -0.14 0.21 0.17 0.29 0.09 -0.03 -0.13 
Pb -0.10 -0.06 0.09 0.04 -0.12 -0.00 0.16 0.04 0.09 -0.04 -o.06 0.21 -0.07 0.34 0.17 -0.03 
No 0.17 -0.28 -0.08 -0.32 -0.32 -0.41 -0.03 -0.21 -0.06 0.53 0.13 0.46 0.10 0.02 0.01 0.33 -0.05 
N.. -0 29 0.20 0.67 0 44 -O iS 0.45 0.45 6.63 0.57 0 08 -O 08 -0 05 -0 34 0.39 0.52 -0 17 0.07 -0 	9 
Rb -0 11 0 67 0.30 0.32 0.17 0.43 0.07 0.39 0.28 -0 iS -0 09 -0 40 -007 0.29 0.17 -0 25 -0 04 -0 30 	0.35 
0.11 0.22 -O 12 0.01 0.21 0.01 -0 18 -0 03 -0 13 Nb -O 22 -O 05 -O 21 0.15 -o oi -0 06 -0 12 -0 03 -O 09 	-0 	1 0.27 
Zr -0 30 0.11 -0 00 0 32 0 46 0.26 0 11 0 06 0 05 -.0 10 -0 43 -0 29 -0 10 -0 38 -0 20 0 20 -0 06 0 24 	0 07 0.04 	0.14 




Description of Sediment Cores 
The sediment cores were logged immedictely cfter being cut 
longitudinally into two sections (p. 98 ). Thus no description 
exists of the cores used. for interstitial water sampling. 






Inner I1ofjord ilo 	8 163 57.5 Brown, sandy clay with 
significant amounts of 
terrestrial plant debris 
and fragmented/whole 
bivalves. 
Inner I.lofjord Lo 10 	69 41.5 Dark brown, sandy silt 
containing terrestrial 
plant debris, including • twigs. 
Inner t.lofjord ho 14 	163 50 Brown, sandy clay with 
terrestrial plant debris 
and fragment3cl/whole 
bivalves. 
Inner 1lofjord ho 49 	213 33 Dark brown to black s silty 
clay;. organic-rich with 
abundant leaf material; 
irregular grey lanin 
ations; 	coarser (grit) 
horizons at 21-25cm 
containing twigs. 
Outer I.ofjord h]o 26 	78 75 Brown, sandy cla.yey silt; 
abundant shell material 
(fragmented/whole bivalves); 
some coarse (sand) hori- 
zons with twigs; 	generally 
organic-rich and containing 
numerous polychaete 
dwelling tubes. 








olvikefjord Lb 34 	231 105 0-450ms 	dark brown, 
orgtaic-rich, silty c1y 
with abundant leaves; 
iilarly thtrib1A ted. 
comlets and frajnented 
bivalves; 	irrular croy 
lamivation. 
'45.- 105c: 	kcmowaeoua 
olive-Creen clay. 
Cuterfjord to 22 	240 14 LIht b].u...grey clay with 
cocc b2.valvo frar,ento. 
Oc3tcrfjord Lo 23 	220 22 Dart creon-croy cilty 
clay containin 	mal1 bi- 
valve fraeiito and a few 
levoo and twiu. 
Ooterfjord Lo 42 	243 10 Litit blue-grey clay with 
a feti bivalvo frcwjontr. 
Coterfjord. £..O 44 	462 21 Iluc-roy otity clay with 
rcddeh-brown coloured, 
curface layer (-1cm); 
containa ooie chell 
framonte. 
Ootcrfjord. L'o 45 	455 10 Light blue-roy clay with 
redieb-brown coloured, 
eurfaco layer ("lcD); 
ooie shell frayentc 
included. 
olótad.fjerd 3o 	1 88 123 Dark brotm to blact cut7 
clay; 	orunic-rich with 
abuadant leaf catorial and 
twiGs; 	some irreGular 
voy larjtnatiQnc a1 
• thicker bends of grey silt 
or coarco (rtt) caterial, 







Core 	depth length 
(in) 	(cm) 
Bo 2A 	131 	114 
Bo 6 	147 	104 
Description 
Dark brown, organic-rich 
silty clay; abundant 
leaf material; some 
irregular grey coloured 
laninationa and thicker 
horizons of grey clay 
or silt. 
Dark brown to black, 
organic-rich silty clay; 
containing many leaves 
and irregular grey 
coloured lwninaiions; 
some grey silt bands and 
coarse grained (grit) 
horizons With numerous 
twigs. 
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